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A Search for Condensed Tannins in Annual and Perennial Species of Medicago, 

; ? Trigonelld, and Onobrychis 1 

% P. Goplen, R. E. Howarth, S. K, Sarkar, and K. Lesiiis 2 
abstractt 



Bloat of ruminant animals feedtag on fresh; green al- 
falfa (Medicago saliva X,) is caused by high levels of 

p soluble plant proteins which act as foaming agents. It 
is postulated that bloat-safe cultivars may be bred by 
| introducing condensed tannins (flavolans) which would 
act as protein precipitants to preclude foam formation 

I and consequent bloat. Using the vanillin-HCl spot test, 
large populations of alfalfa were screened for tannins. 
These included several accessions, cultivars, and breed- 
ing populations. Extensive screening of 2n M. falcata 
t* and 4n M. satwa treated with the chemical mutagens 

J ethyl methanesulfonate or ethyleneimine failed to reveal 
any mutations for tannins. Screening of 33 species (a 
total of 86 accessions) of annual Medicago was negative. 
Similarly, screening of 28 species (a total of 92 accessions) 
of perennial Medicago was also negative. Examination 
of 30 species (46 accessions) of the closely related Tri- 
gonella genus did not reveal any tannin-containing plants. 
^On the other hand, testing of 123 accessions of 10 species 
of Sainfoin (Onobrychis) showed that all plants examined 
within this bloat-safe genus contained high levels of tan- 
nins. . 

- Several of the common pasture legumes, including both 
bloatousing and bloat-safe types, were examined for 
tannins in leaf tissue, flower (petal) tissue and seeds. 
All of these legumes except alfalfa and cicer milkvetch 

§ {Astragalus cicer L.) contained tannins in petal tissue. 

^ All of the legumes, including alfalfa, contained tannins 
• in seedcoat tissue except that of a homozygous reces- 
sive, white-seeded strain of alfalfa. 

The implications of breeding for tannins to provide 
a bloat-safe alfalfa are discussed. 



Additional index words: Flavolans, Pasture bloat, Pro- 
tein precipitants, Alfalfa. 



JjASTURE bloat in cattle is caused by the formation 
^ f of a persistent foam that traps the gaseous products 
^fermentation in the reticulo-rumen (Howarth et 
L, 1977; Reid, 1960). Soluble plant proteins have 
"en implicated as the main foaming agents responsi- 
5 for the persistent bloating foams (Cooper et al., 
«6; Jpnes et al., 1970; Mangan, 1959). Kendall 
966) first suggested that tannins in nonbloating 
gume forages may be responsible for preventing pas- 
toe bloat. He postulated that the nonbloating leg- 
^es contained tannins that precipitated the foam- 
pducing soluble plant proteins and thus inhibited 
am production. Cooper et al. (1966) made a survey 
J27 legume species and found that nonbloating for- 
Jes produced much smaller volumes of foam in vitro 
Kan forage samples from known bloating forages, 
'fries and Lyttletori (1971) later demonstrated a nega- 
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tive association between bloat and the presence of pro- 
tein precipitants in leaves of 1 1 species of temperate 
legumes. Jones et al. (1973) subsequently showed that 
the protein precipitants were flavanol polymers (flavo- 
lans or condensed tannins, Swain and Bate-Smith, 
1962). Based on this work (Jones et al., 1973), it was 
suggested that if a tannin-containing white clover (Tri- 
folium repens L.) can be bred, pastures containing 
this legume would be nonbloating. 

A general property of tannins is the ability to pre- 
cipitate proteins. However, "tannins" is a general 
term often applied to low polymer phenols which 
may lack or possess only a limited capacity to precipi- 
tate proteins. In this paper, tannins is used according 
to the definition of Swain and Bate-Smith (1962) 
and refers to condensed tannins as found in herba- 
ceous plants which have the property of precipitating 
proteins. 

Experimental evidence indicates that condensed 
tannins prevent bloat by acting as protein precipi- 
tants. It would then appear possible to breed a bloat- 
safe alfalfa if tannins could be bred into this popular 
forage legume. Hence, an extensive screening pro- 
gram was launched to search for tannin-containing 
plants within common alfalfa (Medicago saliva L.). 
The screening program was later extended to include 
most of the annual and perennial species of Medicago 
and several closely related Trigonella spp. Several 
Sainfoins (Onobrychis spp.) were also screened to deter- 
mine the relative frequency of tannin-containing 
plants in this high tannin, bloat-safe genus. 

MATERIALS AND METHODS 
Plant Materials 

Medicago (alfalfa). Over 10,000 alfalfa plants in the breed- 
ing nurseries at Saskatoon were tested for tannin content using 
the vanillin-HCl spot test (Sarkar and Howarth, 1976). These 
plants included numerous acessions, cultivars, and breeding 
populations grown in the field as spaced plants, and occasional- 
ly as solid-seeded rows. 

Following treatment with the chemical mutagens ethylenei- 
mine or ethylmethanesulfonate, an M s population of Medicagp 
varia Martin cv., 'Beaver,* consisting of approximately 20,000 
plants, was screened for tannins. These plants came from an 
original source of 67 Beaver plants treated with chemical muta- 
gens in an attempt to induce the desired mutation for tannin 
production. In a second population of a diploid M. falcata L. 
accession, approximately 6,000 plants were also screened for 
tannins. These plants originated from 250 plants that were 
treated with the above chemical mutagens. The resultant poly- 
cross seed was harvested and grown through two consecutive 
generations: Tannin screening was, carried out on the second- 
generation polycross progenies. Setting of the M. falcata plants 
was precluded because of low self-fertility. All the M. falcata 
plants were spaced 1 X 1 m in the field and tested in the 2nd 
year of growth. Similarly, approximately 6,000 plants of Beaver 
were screened in the field in their 2nd year of growth. An ad- 
ditional 14,000 seedlings 4 to 6 weeks old were screened in 
the greenhouse. 

Thirty-three species comprising 86 accessions of annual Medi- 
cago were grown and tested for tannin content. Most of these 
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species w« evaluated at Saalutoon ■••ami; Edn^t^|;j^E&; 
monton, plants were grown under greenhouse' conditions with 
a 16-hour photopcriod. Artificial light was provided by fluores- 
cent and incandescent light sources, giving a PPrTD of appraxl* 
matdy ISO pE* secern-*. Greenhouse, conditions . were similar 
at Saskatoon except the photopcriod provided was 18, hours and 
the light source was Gro-lux fluorescent tubes and ir^ndesoent 
bulbs. The number of plants grown and tested for each species 
ranged front 5 to 2ft :.. y-iK ^.O-^hv 

Species nomenclature and identity ^lkwed^the schenie of 
Learns and Gillies (1972). Other / legumes ij^^ ixumri ^ip. 
contain condensed tannins were grown and screened for tannins 
at the same time the annual Mcdicago spp; were . screened at 
Saskatoon. These are listed In Table 1, •• •ji><\ 

A toul of 28 perennial Mcdicago epp., : indudina 92 accessions 
were tested for unnin content. As with the annual! fcpetles, thost" 
of these species were grown and tested' independently under 
greenhouse conditions at Saskatoon and Edmonton. Greenhouse 
conditions were the same as those for the annual . species^ , The 
number of plants grown and tested for each species varied widely, 
with a range of 5 to SO. Leaf tissue, petal tissue, and seeds of 
the following greenhouse-grown legumes were tested for con* 
denied tannins: ■ alfalfa (M. voria), red clover (TrifdUuiii prn-- 
tense L.), white clover (T. repent L»)*. sainfoin < (Ohobrychi* 
viciifolia Scop.), birdsjoot. trefoil (Lotus comiculatus and 
cicer milkvetch (Astragalus cicet iu). 

Tngoneita. Thirty species of Trigonelta Weir* grown and 
tested for tannin content. Greenhouse conditions were similar 
to those for . the Mcdicago spp. as above. A range of 5 to 12 
plants were tested from each accession. This genus was included 
because of its close .taxonomic relationship with. Mcdicago* often 
resulting in intergeneric synonyms (Letins and Gillies, 1972). 
AH of the Trigonelta accessions were supplied by the late A. 
T. H. Gross, Research Station, Brandon, Manitoba, and by 
Wilbur Robertson, Research Station, Ottawa, Ontario. .. 

Onobryehis (sainfoin). . Ten species, of Onobryehis comprising 
12S accesiions, were grown in the field at Saskatoon Each ac- 
cession was seeded in single rows S.l m long and 1 m apart. In 
the 2nd year of growth, random leaf 'samples from five plants/ 
row were tested for tannins. These accessions were kindly sup- 
plied by the Plant and Soil Science Dep., Montana State Univ., 



Chemical Screening for Condensed Tannin* 

The vanillin -HC1 screening test was. used to screen plants 
for the presence of condensed tannins. For this test, new fully 
developed leaves near the. upper part of the plant were crushed 
between two layers Of Whatman No. 5 chromatography paper, 
and' vanillin solution was applied to the imprint of plant sap 
on one layer of the paper (Jones et at. 1973). The vanillin 
solution contained two volumes of 10% w/y vanillin in ethanol 
mixed with one volume: of concentrated HQ. A control solution 
(two volumes of ethanol in one volume of concentrated HCl) 
was applied to the imprint of the second layer to avoid -the 
possibihty of a false positive reaction (Sarkar and Howarth, 
1976). Red color resulting from the presence of Qavolans (con- 
densed tannins) appears on . the imprint treated with the com- 
plete reafeent solution, (vanillin; plus HCJV but not on the lm- . 
print treated with the control solution (HQ). 

: RESULTS AND DISCUSSION 

Mcdicago. No tannins were found in any of the 
1,000's of accessions, varieties, or breeding populations 
of alfalfa. Similarly, no tannin-containing plants were 
found in 20,000 plants M 4n M. sativa alfalfa, nor 
6,000 plants of 2n M. falcata alfalfa following treat- 
ment with chemical mutagens. The diploid (2nj M. 
falcata alfalfas were included in the mutation program 
because of the greater probability of expression of a 
tannin-containing phenPtype in diploids in compari- 
son to autotetraploid (4n) alfalfas if tannin product 
tion was based on a homozygous recessive genotype. 
However; tannin production is probably determined 
by genes with dominance, because interspecific studies 
in Lotus (Harney and Grant, 1964) indicated tannin 
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Cheek species known to contain condensed tannins: - 1 .vMg 
Sainfoin, Onobryehis vidlfoUa Scop. . Mf? 

Crownvetch, Coronilla varia L. 
Lespedeaa, Ltspcdeta cuneata Don. 
Birds! pot trefoil, Lotus corniculatvt L. 
Rabbit foot clover, Trifotium arvense L. 
Large hop dover, Trifottum campesttt Schreb. 
Smell hop dov«r, Trifbitum dubium Sibth. 



inheritance by dominant gene(s). Similarly^ 
(1960) found that leucoahthocyanidins (prix 
were formed in the seedepat of Phaseolus viit 
only in the presence of the dominant gene 
sive white seeded alfalfa also lacks tannins ir^j 
coat. In addition^ the presence or abseno!^ 
metabolic products in plants is determined by; 
nant:recessiye relationship. If tannin produ 
alfalfa is determined by a dominant gerie(s)> 
of, and breeding for, tannins should be easi 
plishecL t 
. We were not successful in finding unnin^coB 
plailts- in either annual (Table 1) or per^Ani 
pie 2) Medtcago spp. The iclusion of sefv^ 
legume spedes known to contain tannins rev< 
the vanilhn-HCI test was givitiR valid resiil* 
roborated a previous study (Sarkar et al , 
rtiults are in agreement with those ot^ 
U979) who made an extensive search of 
falfas and 21 annual Mcdicago species, 
firid any tannin-contaimng plants. 

Iri striking contrast to the lack of tannii 
leaves of Mcdicago plants, all of the seeds pfj 
of the various other legume species examined 1 
levels of condensed tannins in the seedcoat r< 
This included seeds from the tannin*free, 
legumes^ (alfalfa, red clover, and white dp^^ 
as the tannin<ontaihing, bloat-safeiegum^s^ 
arid birdsfoot trefoil). Similarly, Jones e^^ 
repprted the. presence of medium cono?h^2 
tannins in petals of red clover and white <lp>^ 
as traces oi tannins in the peddles of sonier^ 
plants. Electron microscopy showed the Oav 
be present in the vacuoles of epidermal j^* 1 
presence of flavolans was further con£inn< 
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rapid and permits the screening of large populations 
With minimum time and effort. Protoplast fusion 
may eventually provide the means for an intergeneric 
transfer of genes for desirable tannins from sainfoin 
or crbwnvetch (Coronifla varia L.) to alfalfa. The 
universal occurrence of tannins in all of the Oiiobty 
chis species examined in this study is encouraging to 
this approach. 

tannins in plants act as effective repellents to ani, 
mal and microbial predators or parasites. An im- 
portant property is their ability to precipitate pro- 
teins which render the tannin-containing tissues un- 
palatable by. precipitating salivary proteins, or by in- 
activating enzymes, thus impeding the invasion of the 
tissues of the host by the parasite (Bate-Smith, 1973). 
Tannins would therefore be of selective value in ah 
evolutionary sense in protecting the plant from pre- 
dators (e.g. birds, small animals), and disease. Organ- 
isms (Harris and Burns, 1973). Possibly this accounts 
for the common occurrence of tannins in the seedcoats 
of various legume seeds. 
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ABSTRACT 

Forty-font domestic and introduced cotton (Gouypium 
hirsutum JL) cultivars . and strains were evaluated in the 
laboratory for resistance to the boll weevil, Anthonamus 
grtmdis Boh. Oviporition by the boll weevil was dgnlfl. 
candy lower in squares (flower buds) irom eight cottons 
(•Lasanl -11/ 'AC 154,' *Albar ; 627,' G077-2, 3PM/NC 6S t ' 
TX4.Ya8.72, DES-HERB 16, and DESARB 16) than in 

3uares Irom the commercial cultirar, Tklupinr 16.V F|ve 
the ei^it were introductions* Ovi position Was not sk> 
nificantly lower in any entry than in «ttmeviHe 213/ 
another commeicial cultivar. There was no significant 



THE larva and adult boll weevil (Anthonomus g 
v .dis Boh.) feed on the cotton square (flowo^^ 
Adults chew through the calyx and unopened pettf 
the square and feed on anthers. Eggs are deposT 
through these feeding holes. Abscission of the^ti 
5 to 9 days after ovipositipn; results from larval few 
and developing within the square (Hunter and feie 
1912; Coakley et al., 1969); Abscission also resi 



Additional ~imkx words: Anthonomus grattdis . Boh.. 
Gxnsypium hinutwn L* Oviposition suppression, Tefpene 
content. *^ 
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Summary 

In order to study condensed tannin synthesis and its induction by herbivory, a dihydroflavonol reductase 
(DFR) cDNA was isolated from trembling aspen (Populus tremuloides). Bacterial over expression demon- 
strated that this cDNA encodes a functional DFR enzyme, and Southern analysis revealed that DFR likely is a 
single-copy gene in the aspen genome. Aspen plants that were mechanically wounded showed a dramatic 
increase in DFR expression after 24 h in both wounded leaves and unwounded leaves on wounded trees. 
Feeding by forest tent caterpillar {Malacosoma dlsstria) and satin moth (Leucoma salicis) larvae, and treat- 
ment with methyl jasmonate, all strongly induced DFR expression. DFR enzyme activity was also induced in 
wounded aspen leaves, and phytochemical assays revealed that condensed tannin concentrations signifi- 
cantly increased in wounded and systemic leaves. The expression of other genes involved in the phenyl- 
propanoid pathway were also induced by wounding. Our findings suggest that the induction of condensed 
tannins, compounds known to be important for defense against herbivores, is mediated by increased 
expression of DFR and other phenylpropanoid genes. 

Keywords: plant defense, herbivory, proanthocyanidins, forest tree. 



Introduction 

Plants have evolved both defense proteins and phytochem- 
icals to defend themselves against herbivores, and plant 
defense is thought to be a driving force in the evolution of 
phytochemical diversity in the plant kingdom. Although 
many defenses are constitutively expressed, they may also 
be induced, and are thus produced only after wounding or 
herbivore damage (Karban and Baldwin, 1997). One of the 
earliest observations of herbivore-induced phytochemical 
defense was the increased accumulation of tannins in red 
oak leaves on trees that had been defoliated by gypsy moth 
(Lymantria dispar) (Schultz and Baldwin, 1982). Tannins are 
large polyphenolic compounds, typically found in woody 
plants, and have strong biological effects due to their 
protein-binding ability. Two biosynthetic types of tannin 
are known, the condensed tannins (CTs), also known as 
proanthocyanidins, and the hydrolyzable tannins {Haslam, 
1993). Ingestion of tannins can have strong negative effects 
on herbivorous insects, for example a reduced efficiency in 
nutrient absorption and midgut lesions (Hagerman and 
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Butler, 1991). The type and degree of antiherbivore activity 
depends on the structure (plant source) of the tannin, as 
well as the biochemical conditions within the herbivore gut, 
which can differ dramatically between insect species (Ayres 
era/., 1997; Barbehenn and Martin, 1994). Concentrations of 
tannins vary widely among plants; furthermore, in species 
such as willow, birch, and aspen, an induction by herbivory 
or wounding has been observed, suggesting that tannin 
induction may be an important induced defense in some 
plants (reviewed in Constabel, 1999). However, very little is 
known about the mechanism of induced tannin accumula- 
tion, and this phenomenon has not yet been investigated at 
the level of gene expression. 

In order to study the molecular biology of induced CT 
biosynthesis, we chose trembling aspen (Populus tremu- 
loides Michx.) as an experimental system. Leaves of this 
species contain as much as 18% DW of CTs in leaves, and 
respond to damage with an induced accumulation of these 
chemicals (Lindroth and Hwang, 1996; Osier and Lindroth, 
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2001). Trembling aspen is a widespread North American 
forest tree, with significant economic and ecological impor- 
tance in the boreal forest of Canada, tt is susceptible to 
defoliation by leaf-eating insects such as the forest tent 
caterpillar (Malacosoma disstria), large aspen tortrix (Chor- 
istoneura conflictana), and gypsy moth (Ives and Wong, 
1988). Preliminary data indicated a strong negative effect of 
aspen leaf CT concentration on the growth rates of forest 
tent caterpillar larvae (CP. Constabel and J. Spence, unpub- 
lished data), confirming earlier reports of the potential 
importance of these secondary metabolites in aspen 
defense (Hwang and Lindroth, 1997). Differences in field 
susceptibility of two Populus clones to pest insects was also 
ascribed to differences in CT levels (Gruppe et al, 1999). 
Other known biochemical defenses of aspen against herbi- 



vorous insects include several Kunitz trypsin inhibitor pro- 
teins and the antinutritive enzyme polyphenol oxidase 
(PPO), which are both strongly wound and herbivore 
induced (Haruta era/. 2001a,b). In addition to the high levels 
of CTs mentioned above, aspen leaves also contain the 
phenolic glycosides such as salicortin and tremulacin 
(Lindroth and Hwang, 1996). These are known to negatively 
impact larval performance of the forest tent caterpillar and 
gypsy moth (Hwang and Lindroth, 1997). 

The biosynthetic pathway leading to CTs is well estab- 
lished, and many of the enzymes have been cloned; this 
provided an opportunity for investigating CT synthesis at 
the molecular level in a system with a well-characterized 
induced defense response. We focused on the enzyme di- 
hydrof lavonol reductase (DFR), the second last characterized 
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Figure 1. Outline of flavonoid biosynthetic 
pathway leading to the synthesis of condensed 
tannins (proanthocyanidins). 
Enzyme names are abbreviated as follows: phe- 
nylalanine ammonia-lyase (PAL), 4-coumarate 
CoA ligase (4CL), chalcone synthase (CHS), di- 
hydroflavonol reductase (DFR), anthocyanidin 
synthase (ANS), teucoanthocyanidin reductase 
(LAR), a likely homolog of the Arabidopsis BA- 
NYULS(BAN) gene. 7' represents the unidenti- 
fied condensing enzyme that is proposed to 
polymerize leucoanthocyanidins and catechins 
to produce the condensed tannin polymer. In 
aspen, the polymer has an average length of 
seven monomers (Ayres et al., 1997). Only the 
procyanidin-type monomer is shown. 
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enzymatic step in CT synthesis (Figure 1). Evidence that 
strongly links CT biosynthesis to DFR has been provided 
by mutant barley and Arabidopsis plants that are unable to 
accumulate anthocyanins and CTs due to inactivation of the 
DFR gene (Olsen et ai, 1993; Shirley et aL, 1995). The 
objectives of this study were to clone and characterize 
the expression of DFR, a key enzyme for CT synthesis, 
and to correlate DFR expression with CT accumulation 
and the expression of other defense and phenylpropanoid 
genes. We demonstrate that mechanical wounding, insect 
herbivory, and methyl jasmonate (MeJa) treatment all 
induced DFR expression in aspen leaves. Furthermore, 
we show that DFR activity and CT concentrations are indu- 
cible in wounded aspen foliage. These findings suggest 
that CT synthesis, mediated by increased expression of DFR 
and other phenylpropanoid enzymes, is an inducible 
defense in trembling aspen. 



Results 

Isolation and characterization of DFR from 
trembling aspen 

DFR is a key enzyme involved in the synthesis of CTs, and 
the isolation of a full-length DFR cDNA would provide 



an important tool for analyzing induction of CT synthesis at 
the molecular level. A cDNA library constructed 
from wounded aspen leaves (Haruta et al, 2001a) was 
screened with a PCR-generated DFR probe, and nine posi- 
tive clones were excised and sequenced. Five identical 
clones had high sequence similarity to DFR genes from 
other plants. One cDNA clone, DFR14a, was completely 
sequenced on both strands, shown to encode a full-length 
DFR, and was re-named PtDFR. The nucleotide sequence of 
PtDFR is 1041 -bp long and predicted to encode a protein of 
346 amino acid residues with a molecular mass of 38.8 kDa 
(Figure 2). 

Sequence comparison of PtDFR with sequence databases 
showed the highest identity with DFR proteins from Vitis 
vinifera (76.0%), Malusx domestica (74.0%), Rosa hybrida 
(72.0%), and Fragaria x ananassa (71.6%) (Figure 2). Analy- 
sis of PtDFR indicated that the highly conserved, putative N- 
terminal NADPH-binding domain found in other DFR genes 
(Lacombe et a/., 1997) was also present (Figure 2). Compu- 
tational analysis using PSORT predicted that PtDFR is a 
membrane-associated enzyme, with no N-terminal signal 
sequence. Interestingly, amino acid-134 in the substrate 
specificity region was predicted to be an asp residue in 
PtDFR, rather than the asn found in most other plant DFRs. 
This residue is proposed to be important in substrate 
specificity, and may indicate that PtDFR preferentially 



Figure 2. Multiple sequence alignment of the 
predicted PtDFR amino acid sequence with 
other DFR sequences. 

Identical amino acids are shown in black (80%); 
similar amino acids are shown in grey. Acces- 
sion numbers are AY1 47903 for trembling 
aspen (ptDFR), AF1 17268 for apple [Malusx 
domestica), Y 11749 for grape {Vitis vinifera), 
D85102 for rose {Rosa hybrida), AF029685 for 
strawberry {Fragaria x ananassa), and AB007 647 
for Arabidopsis thaliana. Alignments were per- 
formed using the ClustalW 1.8 multialignment 
tool (http://searchlauncher.bcm.tmc.edu) and 
Boxs hade ( http V/www.c h .e mb net. org/softwa re/ 
BOXJorm.html). The triangle indicates the asp 
residue thought to be important for substrate 
specificity, and the highly conserved NADPH- 
binding region is boxed. 
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accepts dihydroquercetin and dihydromyricetin as sub- 
strates {Johnson et al, 2001) (see Discussion). 

In order to show that PtDFR encodes an enzyme with DFR 
activity, this cDNA was expressed in Escherichia coli. Cul- 
tures containing the PtDFR expression vector were induced 
with IPTG, sonicated, and the supernatant was used in DFR 
assays. All E. coli colonies tested that harbored the PtDFR 
cDNA displayed high DFR activity (0.07-0.08 nmol h~ 1 mg^ 1 
protein). Control cultures containing only the pQE30 bac- 
terial expression vector or an unrelated construct showed 
no DFR activity. Therefore, we conclude that PtDFR encodes 
a functional DFR enzyme. 

The size of the DFR gene family in aspen was investigated 
using Southern analysis. Only a single band was detected 
on Southern blots washed at high stringency (Figure 3a), 
while low-stringency washes revealed the presence of three 
or four minor bands that hybridized with the PtDFR probe 
(Figure 3b). This suggests that aspen contains a single DFR 
gene, plus one or two DFRWke genes. The enzyme leu- 
coanthocyanidin reductase, which is immediately down- 
stream of DFR in CT synthesis, is encoded by a DFR-Wke 
gene {BAN'in Arabidopsis) (Devic ef al., 1999), and therefore 
we speculate that these bands may represent BAN homo- 
logs of aspen (see Discussion). 

Wound induction of DFR and CTs 

Since aspen has a strong inducible defense response, we 
used PtDFR as a probe to determine if DFR expression is 
induced by simulated herbivory. Previously, we had shown 
that wounding of aspen leaves with a hemostat was effec- 
tive in inducing the expression of known defense genes 
(Haruta et al., 2001a,b), thus at least partially mimicking 
herbivore damage. Leaves of LPI 16-19 on young aspen 
plants were wounded, and leaves at LP1 12-15 were desig- 
nated for systemic sampling. Leaves in this range are fully 
expanded, source leaves; they were chosen to avoid poten- 
tial developmental effects seen in younger leaves which 
could mask responses to wounding. Preliminary experi- 
ments showed leaves from LPI 10-20 to have stable con- 
stitutive CT levels within the time frame of our experiments 
(data not shown). 

Following wounding with a hemostat, both the wounded 
and unwounded (systemic) leaves were harvested at appro- 
priate times, and RNA was extracted and analyzed by 
Northern hybridization. At the beginning of the time course, 
the leaves had low but consistently detectable levels of DFR 
mRNA; however, after mechanical wounding, DFR mRNA 
was very abundant in both wounded and systemic leaves 
(Figure 4a). Induced expression of aspen DFR was apparent 
as early as 12 h after wounding, peaked after 24h in both 
the wounded and systemic leaves, and then declined 
(Figure 4a). For comparison with other defense genes, the 
blot was stripped and re-hybridized with aspen polyphenol 



(a) (b) 
U H N X £ U H N X E 




Figure 3. Southern blot analysis of DFR. 

Genomic DNA was restricted, electrophoresed, and hybridized with the 
PtDFR cDNA as described in the Experimental procedures. 
(a,b) The same blot washed at high or low stringency, respectively. 
H - W/ndlll; N = NcoV, X - Xoal; E = EcoRI; U = uncut DNA. 



oxidase (PtPPO), a known wound-inducible gene in aspen 
and poplar (Constabel era/., 2000; Haruta etal., 2001b). The 
kinetics of PPO mRNA induction were virtually identical to 
those for DFR, although PPO showed no constitutive 
expression. Thus, our Northern analysis suggested that 
mechanical leaf damage strongly induced aspen DFR 
mRNA expression, and that this induction was systemic 
and co-ordinate with other aspen defense genes. 

If the wound-induced expression of DFR mRNA we 
observed is to be indicative of a role in herbivore defense, 
both DFR activity and the CT concentration are predicted to 
increase following leaf damage. We therefore performed 
DFR assays on time course experiments using de-salted 
enzyme extracts prepared from control, wounded, and 
systemically wounded leaves. DFR activity increased sev- 
eral-fold after wounding, peaking at 48 h and then declining 
rapidly (Figure 4b). The kinetics of induction are consistent 
with the mRNA induction, which occurs earlier and peaks at 
24 h after wounding. This experiment showed that DFR 
enzyme activity, like DFR mRNA, is locally and systemically 
induced by wounding in aspen leaves. 

Next, we tested if CTs, the ultimate products of DFR and 
the flavonoid pathway in aspen leaves, also increased in 
leaves following wounding. For this experiment, leaves of 
LPI 12-19 were wounded and sampled as for the previous 
Northern analysis (Figure 4a). Concentrations of CTs in leaf 
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Figure 4. Analysis of DFR induction by simulated herbivory. 

(a) Northern analysis. Both wounded leaves and unwounded leaves on 
wounded plants (systemic) were harvested at the appropriate times, total 
RNA was extracted, and analyzed on RNA blots. Following hybridization 
with a "P-labelled PtDFR probe, the blot was stripped and hybridized with 
poplar polyphenol oxidase {PPO) and actin. The DFR blot was exposed to X- 
ray film for 2 h, while both the PPO and actin blots were exposed for 24 h. The 
ethidium bromide-stained gel is shown as a loading control. 

(b) Analysis of DFR activity in wounded and systemically wounded aspen 
leaves. Leaf proteins were extracted, de-salted, and assayed for DFR activity 
as described in Experimental procedures. Each point is the mean of three 
plants assayed; bars represent the standard error. 



acetone extracts were determined using the n-butanohHCI 
assay (Porter era/., 1986) with purified sainfoin tannin as a 
CT standard (Koupai-Abyazani et al, 1993). In both the 
wounded and systemic leaves, condensed tannin concen- 
tration increased after wounding (Figure 5a). Some of the 
values had large standard errors due to the variation in 
baseline CT concentrations in different individual trees. 
However, analysis of variance (two-way ANOVA) confirmed 
that the increases in CT concentrations over time were 
significant (F 4/3 8 = 4.408; P= 0.005). While the treatment 
effects were not significant in this analysis (F 1f38 = 3.026; 
P= 0.090), CT concentrations tended to be higher in 
wounded leaves harvested at 144 h, which is consistent 
with the wound-induced increases in DFR mRNA and 
DFR activity. 

Tannins act as an antinutritive defense based on their 
ability to form complexes with proteins; these are often 
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Figure 5. CT and anthocyanin concentrations in aspen leaves at different 
times after mechanical wounding. 

Acetone and methanol extracts were prepared and assayed as described in 
the Experimental procedures. Each point is the mean of five plants assayed; 
bars represent the standard error. 

(a) ButanokHCI CT assays. For wounded leaves, the 144-h mean is signifi- 
cantly different from both 0- and 24-h means (LSD: P- 0.013 and 0.021, 
respectively). For systemic leaves, only the 0-h control mean is significantly 
different from the 144-h means (LSD: P= 0.016). 

(b) Radial diffusion BSA precipitation assays. Both 72- and 144-h means are 
significantly different from the 0-h controls in wounded leaves (LSD: 
P= 0.036 and 0.003, respectively) as well as in systemic leaves (LSD: 
P= 0.036 and 0.001, respectively). 

(c) Anthocyanin concentrations from the same leaf samples as in (a,b). 



insoluble and can be detected as precipitated complexes. 
We therefore used the radial diffusion protein precipitation 
assay as a complementary method for estimating CT levels 
in aspen leaf extracts (Hagerman, 1987). This provided a 
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second assay method for CTs, and also emphasizes one of 
the biologically relevant properties of the induced tannins. 
The protein precipitation assays confirmed that tannin 
concentrations were higher in wounded and systemically 
wounded leaf extracts than in control extracts (Figure 5b); 
two-way anova again indicated a significant change in 
protein-precipitating capacity over time (F 2 .22 = 13.540; 
P< 0.001), as well as a significant treatment effect 
(^1,22=20.56; P< 0.001), demonstrating wound-induced 
increases at the 72- and 144-h time points. Although the 
actual CT concentrations obtained with the radial diffusion 
method were slightly lower than those obtained using the 
n-butanol:HCI assay, overall the results were very similar. 
Therefore, we are confident that the increases in CTs we 
observed are relevant and likely to be detrimental to insects 
feeding on induced foliage. 

As an additional control, we investigated if wounding 
could induce anthocyanin accumulation, since DFR is also 
important for anthocyanin synthesis. In the same time 
period when CT concentrations increased, anthocyanin 
concentrations in leaves did not increase significantly 
(^4.38= 1-644; P=0.183) (Figure5c). In some experiments, 
concentrations of anthocyanins initially declined and then 
returned to constitutive levels or remained low; however, in 
none of our experiments, did we observe any anthocyanin 
induction. Thus, we conclude that the wound response in 
aspen leads to the products of DFR being channeled into 
tannin, but not anthocyanin synthesis. 

Expression of phenylpropanoid genes 

The wound-induced increase in CT accumulation predicts 
that the entire phenylpropanoid pathway should be upre- 
gulated by wounding. Therefore, we investigated the 
expression of several key phenylpropanoid genes in 
response to wounding. The expression of phenylalanine 
ammonia lyase [PAL), 4-coumarate-CoA ligase (4CL), and 
chalcone synthase (CHS) have been shown to be induced 
by wounding and stress treatments in other plant species 
(Dixon and Paiva, 1995; Hahlbrock and Scheel, 1989). 
Probes for PAL, 4CL, and CHS were obtained by PCR 
amplifying and cloning cDNAs encoding these enzymes 
from an aspen cDNA library using sequence information 
in GenBank. These cloned PCR products were confirmed by 
sequencing and then used to generate labeled probes for 
hybridizing with the previous time course experiments. All 
three genes were wound induced, with kinetics similar 
to DFR, although the induction appeared less dramatic 
(Figure 6). Maximum expression was generally at 24 h after 
wounding, followed by a decline to constitutive levels after 
72 h. In systemic tissue, mRNA levels of PAL and 4CL also 
reached a maximum at 24 h, while expression levels of CHS 
were highest after 36 h. Interestingly, PAL, 4CL, and CHS 
had higher levels of constitutive expression (0 h) compared 
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Figure 6. Northern analysis of key phenylpropanoid enzymes following 
simulated herbivory of aspen. 

Previously hybridized membranes (Figure 4) were stripped and probed with 
phenylalanine ammonia-lyase [PAD, 4-coumarate:CoA ligase i4CL), and 
chalcone synthase (CWS). The PAL blot was exposed for 18 h. and the 
CHS and 4CL blots were exposed for 24 h. 



to DFR, likely a result of their role in the synthesis of other 
constitutive phenylpropanoids such as lignin or phenolic 
glycosides. We also found a decrease in CHS and 4CL 
mRNA at 6 h in wounded tissue, and at 12 h in systemically 
induced tissue (Figure 6). This decrease was not expected 
yet repeatedly observed; it might be related to circadian 
regulation of phenylpropanoid metabolism in Arabidopsis, 
as described (Harmer et al, 2000). Overall, these experi- 
ments indicate the upregulation of other phenylpropanoid 
enzymes in parallel with DFR induction. 

Further characterization of DFR expression 

We next investigated DFR expression following feeding by 
two leaf-eating aspen pests, forest tent caterpillar (FTC) and 
satin moth {Leucoma saiicis). Leaves of LPI 12-17 of 3- 
month-old aspen plants were damaged by FTC as described 
in the Experimental procedures, which resulted in removal 
of approximately 10-25% of leaf area. The damaged leaves, 
as well as undamaged (systemic) leaves of LPI 7-10, were 
harvested after 24 h and analyzed by Northern hybridiza- 
tion. Control samples were harvested from identical trees 
which were placed in a cage without any larvae. DFR mRNA 
was present only at low levels in leaves of control plants 
(Figure 7a, C). However, in trees damaged by FTC larvae, 
DFR mRNA was induced to high levels in all leaves, both 
wounded and unwounded (Figure 7a, W). The degree of 
DFR mRNA induction by FTC damage was comparable to 
that induced by mechanical wounding. Strong DFR induc- 
tion was also observed in experiments with satin moth 
larvae. In this experiment, the larvae were allowed to freely 
move and feed on an entire aspen plant for 96 h. The 
caterpillar larvae showed a preference for older leaf tissue 
(LPI 8-12), as many of the young leaves remained uneaten 
(LPI 2-5). Leaves of several age classes were harvested for 
Northern blot analysis, and DFR mRNA expression was 
found to be induced to high concentrations throughout 



© Blackwell Publishing Ltd, The Plant Journal, (2002), 32, 701-712 



Dihydroflavonol reductase in trembling aspen 707 



the plant (Figure 7b). Continuous feeding by satin moth 
larvae induced DFR expression to higher levels than those 
seen in the FTC and mechanical wounding experiments. 
These experiments demonstrate that aspen DFR mRNA 
expression is induced by both aspen herbivores, and that 
this induction is systemic. This suggests that DFR expres- 
sion is part of the induced defense response against 
insects. 

We also tested the effects of MeJa, a well-known inducer 
of plant defense responses (Weiler, 1997). We had pre- 
viously shown that this signal compound induces trypsin 
inhibitor and PPO genes, both components of the protein- 
based aspen defense. DFR expression was clearly induced 
by MeJa in both young and old plants (Figure 7c), showing 
levels that are comparable to mechanically wounded aspen 
leaves. Young leaves showed a stronger induction of DFR 
compared to old leaves, as was observed for other defense 
genes (Haruta etal., 2001a,b). 

Since CTs are also produced constitutively in both leaf 
and woody tissues of trembling aspen (Lindroth and 
Hwang, 1996), we analyzed the constitutive expression of 
DFR in several aspen tissues. DFR mRNA expression was 
expressed at low levels in healthy leaves, petioles, stems, 
and roots (Figure 7c). However, based on relative signal 
intensities in Northern blots probed simultaneously, the 
levels of DFR mRNA in control tissues were about 7-10 
times lower than those found in wounded leaves. The n- 
butanokHCI assays indicated that significant levels of CTs 
were present in these tissues, with the exception of 
petioles; however, these contained high levels of antho- 
cyanins (data not shown). In addition, DFR mRNA expres- 
sion was demonstrated in female but not male flowers of 
outdoor grown aspen trees. We conclude that DFR is con- 
stitutively expressed at low levels throughout trembling 
aspen saplings, and that these expression levels generally 
correlate with CTs. 

To determine if the observed pattern of DFR induction is 
specific to trembling aspen, we compared wound and FTC 
induction of DFR in aspen to that in hybrid poplar [P. tri~ 
chocarpa x deltoides). Hybrid poplar has a very strong 
inducible defense that includes both trypsin inhibitors 
and PPO (Constabel ef a/., 2000). Surprisingly, compared 
to aspen, DFR induction in hybrid poplar was very low 
(Figure 7d, top panel). When the blot was reprobed with 
PPO, strong signals in both samples confirmed that hybrid 
poplar was responding strongly to both types of damage 
(Figure 7d, bottom panel). Therefore, it appears that strong 
DFR induction is characteristic of P. tremuloides, but may 
not be found in other Populus species. 

Discussion 

The accumulation of CTs following herbivore attack has 
been observed in a number of tree species, but the under- 
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Figure 7. Northern analysis of DFR expression in leaves following herbivory 
or MeJa treatment and in undamaged tissues. 

Total RNA was extracted and analyzed by RNA blot as described above, 
{a) FTC larvae fed on leaves of LP1 12-14, and the damaged and undamaged 
leaves (LPI 7-10; systemic) on wounded (W) trees were harvested 24 h after 
feeding. Identical leaves LPI (7-14) from an unwounded plant were used as a 
control (C). 

(b) Satin moth larvae fed continuously on aspen plants for 96 h. and leaves 
were grouped by age categories for analysis. 

(c) Left panel: Young (4-week-old) and old (1 2-week-otd) plants were treated 
with methyl jasmonate (MeJa) for 24 h, or mock-sprayed (C). Right panel: 
Developmental expression of DFR in unwounded plants. L, leaves; P, 
petioles; S, stems; and R, roots. FF and MF refer to male and female flowers 
from wild trees, respectively. 

(d) Comparative analysis of DFR and PPO induction in aspen and poplar. 
Plants were induced for 24 h (C, control; W, wounded; and F, FTC damaged.) 
All blots were exposed for 24 h. The ethidium bromide-stained gels are 
shown as loading controls. 
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lying molecular biology of this induction is not known. 
Here, we have investigated this response by cloning a cDNA 
encoding a key enzyme of CT biosynthesis, DFR, and char- 
acterizing its expression. We demonstrate that DFR is 
induced by herbivory and other treatments known to trig- 
ger the herbivore defense response in aspen. We also show 
that subsequent to DFR mRNA induction, both DFR activity 
and CTs increase, suggesting that the observed DFR mRNA 
induction is relevant for aspen defense. 

We used PGR and available DFR sequence data to obtain a 
probe which was used to isolate a full-length DFR cDNA. 
Detailed sequence analysis of PtDFR predicted a DFR pro- 
tein of 38.8 kDa with a typical NADPH-binding domain 
(Figure 2). Analysis by PSORT predicted a membrane asso- 
ciation for the DFR protein; this would be consistent with 
the observation that CHS, chalcone isomerase (CHI), and 
DFR associate as an enzyme complex {Burbulis and Winkel- 
Shirley, 1999). CHS and CHI have been found to be localized 
at the endoplasmic reticulum and vacuolar membranes 
(Saslowsky and Winkel-Shirley, 2001). Inspection of the 
substrate binding domain revealed that residue 134, a 
conserved asn residue in most DFR proteins, has been 
replaced by an asp in aspen DFR. This position is known 
to be important for substrate specificity, since site-directed 
mutagenesis of asn-134 to leu in Gerbera DFR results in an 
enzyme with altered substrate preferences (Johnson et ai, 
2001). Petunia DFR, like aspen DFR, also contains an asp 
residue at position 134, and as a result is unable to reduce 
dihydrokaempferol (4' hydroxylated on the B-ring) 
(Johnson et ai, 2001). This suggests that aspen DFR should 
also have a high affinity for dihydroquercetin and 
dihydromyricetin (3',4' and 3',4',5' hydroxylated on the B 
ring, respectively), but not for dihydrokaempferol. This 
hypothesis could be tested using our recombinant DFR. 
A preference for the more highly hydroxylated dihydro- 
flavonol substrates, dihydroquercetin and dihydromy- 
ricetin, would be consistent with an antiherbivore role 
of PtDFR and aspen CT structure. Greater hydroxy lation 
is predicted to allow for greater hydrogen bonding, one of 
the mechanisms leading to the formation of tannin-protein 
complexes (Hagerman and Butler, 1989). When comparing 
CTs from a number of different species, Ayres ef a/. 
(1997) found a general correlation of higher antiherbivore 
activity with a greater proportion of prodelphinidin (trihy- 
droxylated) units. Aspen leaf CT has a relatively high 
prodelphinidin:procyanidin ratio, 57:43 (Ayres ef ai, 
1997). 

Southern analysis at high stringency detected only one 
major hybridizing band in aspen genomic DNA, suggesting 
that the aspen genome contains a single copy of DFR 
(Figure3a). By contrast, Southern blots performed with ■ 
hybrid poplar (P. trichocarpa x deltoides) genomic DNA 
showed two DFR bands (not shown); these most likely 
represent the two distinct parental DFR alleles. Altogether, 



our results are most consistent with a single DFR locus 
being present in Populus. The presence of fainter bands 
seen at less stringent washing conditions suggested the 
presence of additional DFR-\\ke genes in the aspen genome, 
perhaps encoding enzymes with related functions 
(Figure 3b). Specifically, in Arabidopsis, the DFRWke BAN 
gene appears to encode leucoanthocyanidin reductase, 
which converts leucoanthocyanidin to catechin (Devic 
ef ai, 1999). This enzyme acts immediately downstream 
of DFR in CT biosynthesis (Figure 1), and thus a DF/Wike 
leucoanthocyanidin reductase gene is also expected to be 
present in the aspen genome. Experiments are under way 
to isolate this gene from aspen. 

Northern analysis suggested that in aspen leaves, DFR 
expression is induced by real and simulated herbivory 
(Figures 4 and 7), the first such report for any plant. 
Although it is becoming increasingly clear that many plants 
respond differently to mechanical wounds and insect her- 
bivory (Walling, 2000), we found no obvious indication of 
this at the level of DFR expression. The observed DFR 
mRNA induction is very likely to be important for herbivore 
defense, since it is followed first by increased DFR enzyme 
activity and later by a higher concentration of the CT itself. 
DFR activity and CT accumulation were induced only 
approximately twofold in our experiments, compared to 
an increase in DFR mRNA levels of 7-10-fold. However, 
PAL, 4CL and CHS ail appeared to be induced by wounding 
in parallel to DFR (Figure 6), suggesting that wounding 
upregulates the general phenylpropanoid pathway and 
confirming that phenylpropanoid biosynthesis is stimu- 
lated. Wound induction of PAL and 4CL has been observed 
in many plants (Hahlbrock and Scheel, 1989), and CHS was 
recently shown to be inducible in white spruce (Richard 
ef ai, 2000). Despite this observed upregulation of phenyl- 
propanoid genes, however, the accumulated products are 
not always known. 

In our system, we have consistently observed a wound 
induction of CT, as has been described previously (Osier 
and Lindroth, 2001). We used two different assay methods 
to measure CT, one based on structural features (n-buta- 
nol-HCI) and the other based on function (radial diffusion/ 
protein precipitation assay). Both assays gave very similar 
results (Figure 5). The BSA radial diffusion assay measures 
precipitation of protein in vitro; since tannins are detrimen- 
tal to many insect pests at least in part due to their protein- 
precipitating ability, it is likely that wounded aspen leaves 
will be a lower quality food source than control leaves. This 
is consistent with the deleterious effects of aspen CTs on 
lepidopteran larvae (Hemming and Lindroth, 1995; Hwang 
and Lindroth, 1997). It is important to point out that we used 
sainfoin rather than aspen CT as a standard, and these may 
give slightly different responses in our assays. The absolute 
values obtained can therefore be considered as estimates 
only. However, this should not affect the validity of the 
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relative differences between samples and treatments 
we have observed. We also note that for a given tannin, 
protein-precipitating ability depends very much on the 
protein being assayed, so that BSA may give a different 
response than aspen leaf protein (Giner-Chavez et a/., 
1997). Again, this does not limit the usefulness of the 
assay to detect relative changes in protein-precipitating 
ability. 

The importance of DFR in aspen defense was confirmed 
by the co-ordinate induction of other defense proteins, PPO 
(Figure 4) and trypsin inhibitor (TI;Haruta era/., 2001a). PPO 
can act as an antinutritive defense via production of reactive 
quinones which alkylate dietary protein (Duffey and Felton, 
1991). TIs interfere with digestive functions in insects, and 
purified aspen Tl showed a negative impact on the growth 
of test insects (Haruta et a/., 2001a; N. Hotte and CP. 
Constabel, unpublished data). Our work demonstrates that 
like PPO and 7/ expression, herbivore- and wound-induced 
DFR and CT accumulation in aspen is a systemic response. 
The responsiveness of DFR to MeJa suggests that the signal 
transduction pathway includes endogenous jasmonate sig- 
nals (Weiler, 1997). Taken together, the similarity with well- 
characterized signaling paths in tomato (Bergey era/., 1996) 
suggests that CT accumulation in response to aspen her- 
bivory is likely mediated by an octadecanoid signal trans- 
duction mechanism. To our knowledge, defense-related 
DFR expression and CT accumulation have not been exten- 
sively investigated in this context; CT induction by jasmo- 
nates was only recently documented (Arnold and Schultz, 
2002), and one prior study reported DFR induction by 
wounding and MeJa, leading to anthocyanin synthesis in 
Petunia corollas. (Tamari et al, 1995). 

The phenomenon of tannin and phenolic induction by 
real or simulated herbivory has generally been investigated 
in field experiments, with high variability within and among 
plants (Hartley and Lawton, 1991). We also observed sub- 
stantial variability in CT levels between individual plants, 
even in growth rooms. However, by correlating CT levels 
with DFR expression, we were able to use the PtDFR cDNA 
as a sensitive probe in Northern analyses, which showed 
much less plant-to-plant variation. Therefore, we now have 
strong evidence demonstrating that induced CT accumula- 
tion is a component of the systemic response in aspen. This 
suggests that in aspen, phytochemical and protein-based 
defenses are induced by the same signaling system, and 
future experiments will test this hypothesis. 

That DFR has not previously been identified as an herbi- 
vore-inducible defense gene in other plants is likely due to 
the specialization of defensive chemistry in the plant king- 
dom. Tannins are typical phytochemicals of woody plants 
and generally not found in herbs (Swain, 1979), so clearly 
not all plant species use CTs as part of their defense arsenal. 
Furthermore, among woody plants, herbivore induction of 
tannins has been reported only some species, for example 



in birch, oak, willow, and poplar (reviewed in Arnold and 
Schultz, 2002; reviewed in Constabel, 1999). There is also 
differentiation and specialization within Populus, since 
under identical treatments, hybrid poplar {P.trichocar- 
pa x deltoides) showed only weak DFR mRNA induction 
(Figure 7d) and little CT accumulation (data not shown). 
Interestingly, the same poplar hybrid exhibits a very strong 
induced defense response, as seen by the increase in PPO, 
Tl, and other defense proteins (Figure 7d; Bradshaw et al., 
1989; Constabel et al., 2000). A different poplar hybrid 
{P. deltoides x nigra) does show jasmonic acid induction 
of CTs; however, this appears to be restricted to very young 
(LPI 3) leaves (Arnold and Schultz, 2002). We speculate that 
hybrid poplar relies more on protein-based defense, while 
aspen has evolved to induce phytochemical defenses as 
well. This underscores the importance of studying plant 
defense in a variety of experimental systems. It will be 
interesting to compare defense strategies in other Populus 
species, and to explore the molecular basis for the variation 
in herbivore resistance seen in natural populations in the 
field. 



Experimental procedures 

Plant growth conditions and stress treatments 

Trembling aspen {P.tremuloides) were micropropagated and 
maintained in the University of Alberta Biotron's environmental 
chambers as described (Haruta et al, 2001a). Trees used in our 
experiments had at least 25 leaves, which were identified using the 
Leaf Plastochron Index (LPI; Larson and Isebrands, 1971). The 
index leaf (LPI 0) was determined to be the first developing leaf 
with a lamina length of 20 mm. For routine wounding experiments, 
leaves of LP1 12-1 5 were designated as systemic leaves, and leaves 
of LPI 16-19 were wounded. Mechanical wounding to simulate 
herbivory was performed by crushing the leaf margins using a 
hemostat three times at 2-h intervals. Time course experiments for 
phytochemical assays involved wounding six leaves on each of 
eight trees, with both wounded and unwounded upper (systemic) 
leaves being harvested at the appropriate times. Sampling at each 
time point involved arbitrarily selecting five trees from among the 
eight wounded trees, and sampling one wounded leaf from each 
tree. Systemic leaves were chosen by the same system. The 
collection of leaves was performed in such a way that no tree 
would lose a disproportionate number of leaves to the sampling 
procedure. 

Time course and wounding experiments were started, at 
approximately 9 am. Insect experiments were conducted in 75- 
cm high insect cages placed within growth chambers with locally 
collected insect larvae. For FTC herbivore experiments, 12 fifth 
instar forest tent caterpillar {Malacosoma disstria) larvae were 
placed on each tree and allowed to feed for three 20-min intervals 
every 2h. Satin moth (Leucoma salicis) experiments were con- 
ducted with 20 fourth and fifth instar larvae which fed continuously 
for 96 h on plants within insect cages. Plants were treated with 
MeJa as previously described (Haruta et al., 2001a). All harvested 
plant tissues were frozen in liquid nitrogen and stored at -80°C 
until analyzed. 
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Isolation of a DFR cDNA and expression in E.coli 

To isolate a DFR fragment from a trembling aspen cDNA library, 
degenerate primers were designed from an amino acid sequence 
alignment of DFR enzymes from several plants in the GenBank 
database. PCR was performed with 5' primer DFR 2-D (5'-GAT/C 
CCN A/GAA/G AAT/C GAA/G A/GTN ATT/C/A AAA/G CC-3') and 3' 
primer DFR 3-U (5'-A/GAA A/GTA CAT CCA NG/CC NGT CAT C/ 
TTT-3') with an aspen cDNA library as template using 20 cycles of 
94°C (60sec)/49°C (60sec)/72°C (30 sec) followed by 20 cycles of 
94°C (60sec)/5rC (60sec)/72°C (30 sec). A PCR product of pre- 
dicted size was extracted from agarose gels (QIAEX II, Qiagen), 
cloned into pBluescript T-vectors (Marchuk ef a/., 1991) and 
sequenced. The aspen cDNA library was screened using standard 
molecular techniques (Sambrook et a/., 1989). DNA sequencing of 
DFR cDN As was performed on both strands using both the Applied 
Biosystems 377 Automatic Sequencer, or the Beckman CEQ 
Automatic Sequencer. DNA sequences were analyzed using 
Sequencher 4.1.2 (Gene Codes Corporation), PSORT (http://psort- 
nibb.ac.jp), and ExPASy (http://cexpasy.org) programs. 

For bacterial overexpression, the coding sequence of DFR was 
PCR amplified from the full-length DFR plasmid clone {pDFRUa) 
using 5' primer DFRUPPER (5'-GGG CGG ATC CAA GAT GGG AAC 
AGA AGC-3') and 3' primer DFRLOWER (5'-GGG GAA GCT TGA 
GGA ACA ATC AGG ACG-3') and cloned into the pQE30 bacterial 
expression vector (Qiagen). The resulting plasmid was moved into 
E. coli strain M15(pREP4). Cultures were grown at 30°C overnight 
in the presence of 1 mM IPTG, pelleted by centrifugation, and re- 
suspended in 0.1 M Tris-HCI (pH 7.4) containing 20 mM sodium 
ascorbate. Cells were disrupted using sonication, the suspension 
centrifuged, and the supernatant used directly for DFR activity 
assays (see below). 



Amplification of phenylpropanoid gene fragments 

PCR primers for PAL and 4CL were designed from published 
Populus sequences (Hu et ai, 1998; Subramaniam ef a/., 1993), 
and CHS primers were based on consensus sequence information 
from several plant species in public databases. Primers used to 
clone the respective genes are as follows: PALS1, 5'-GGC GTT ACT 
GGT TTT GGT GC-3'; PALA1, 5'-TTG AAG CCA TAA TCC AAA CTT 
GG-3'; 4CLS1, 5'-AGT GTG GCT CAA CAA/G GTA/T GAT GG-3'; 
4CLA1, 5'-AAC/T GCA/G ACA GGA ACT TCA/T CC-3'; CHSS1, 5'- 
GCN ATA/T/C AAA/G GAA/G TGG GGN CAA/G CC-3'; CHSA1' 5'- 
GGN CCN CCN GGA/G TGN GCA/T/G ATC C-3'. PCR amplification 
from aspen cDNA library was performed with 34 cycles of 95°C 
(30 sec)/54°C (45 sec)/72°C (60 sec). DNA products were cloned and 
sequences were determined as described above. 



DNA and RNA hybridization analysis 

All molecular techniques followed standard protocols (Sambrook 
et aL, 1989). Genomic DNA was isolated from trembling aspen 
using the DNEasy Maxi Plant Kit (Qiagen), and 10 ug was digested 
for 16 h with 50 U of tf/ndlll. A/col, Xba\, and EcoRI (Gibco/BRL). 
Southern analysis was performed with a full-length 32 P-labelled 
DFR clone. Membrane filters were washed twice at 65°C in 1X 
SSPE, 0.1% SDS for 30 and lOmin (low stringency), and again at 
65°C in 0.1X SSPE, 0.1% SDS for 30 and 10min (high stringency). 
Hybridization signals were detected by autoradiography or by 
exposure on a Phosphorimager screen (Molecular Dynamics, 
Sunnyvale, CA). Total RNA was extracted from 0.5 g of aspen 
tissues according to the RNA extraction protocol described in 



Haruta etai (2001a). Northern analysis was performed by separ- 
ating 15 ug of total RNA on 1.2% agarose-formaldehyde gels, 
blotting to Zeta-probe membranes (Bio-Rad), hybridizing, and 
washing at low stringency. 

DFR enzyme extraction and assay 

Approximately 1.5 g of frozen aspen tissue was extracted in 5 ml of 
0.1 M borate-HCI (pH 8.8) buffer containing 20 mM sodium ascor- 
bate, 10% (v/v) glycerol, 0.3 g dry polyvinylpolypyrrolidone 
(Sigma), and 0.5 g dry Amberlite XAD-4 (Sigma). Samples were 
centrifuged and the supernatant fraction de-salted through a med- 
ium resin Sephadex G-25 PD-10 desalting column (Pharmacia) 
equilibrated with 0.1m Tris-HCI (pH 7.4) and 20 mM sodium 
ascorbate. Protein concentrations were determined by the Brad- 
ford method (Bradford, 1976) using BSAas a standard. DFR activity 
was measured according to the assay described by Stafford and 
Lester (1982). Reactions contained 0.1 M Tris-HCI (pH 7.4), 1 mM 
dihydroquercetin (+/-taxifolin, Sigma), 1 mM NADPH and 0.3 ml 
enzyme extract in a 1-ml volume. A NADPH-regenerating system 
consisting of 1 U glucose-6-phosphate dehydrogenase and 6^m 
glucose-6-phosphate was also added to the mixture. Reactions 
were incubated at 30°C for 30 min and stopped with the addition of 
6N HCI. Leucoanthocyanidins were extracted three times with 
ethyl acetate, which was then evaporated under vaccum. One 
milliliter of n-butanol:HCI (95:5 v/v) was added to the residue, 
and the A 55Q measured. Absorbance values were converted to 
nanomoles of cyanidin using 34700 as a molar extinction coeffi- 
cient (Stafford and Lester, 1982). 

Phytochemical assays 

Condensed tannin (proanthocyanidin) concentrations were deter- 
mined using the n-butanof:HCI method as described by Porter et at. 
(1986). Purified CT standards, isolated from mature leaves of 
sainfoin {Onybrychis viciifolia), were obtained from M. Gruber, 
Agriculture and Agri-Food Canada, Saskatoon, Canada. These had 
been previously determined to have a degree of polymerization of 
6-7, a prodelphinidin:procyanidin ratio of 88:12, and a cisitrans 
ratio of 67:33 (Koupai-Abyazani era/., 1993). Protein precipitation 
by tannins in aspen leaf extracts was assayed by the radial diffu- 
sion method (Hagerman, 1987). One milliliter of proanthocyanidin 
extract was evaporated under vacuum to approximately 50 ul, and 
8ul added in several aliquots to a 4.0-mm-diameter well in the 
BSA plate. Plates were incubated at 30°C for 96 h, and diameters 
of the precipitation rings were measured using a caliper. Antho- 
cyanins were extracted from aspen leaf tissue (100 mg) into 10 ml 
of 1% HCI in methanol for 24 h at 4°C, and A 530 and A 657 measured 
spectrophotometrically as described (Hasegawa ef a/., 2001). 
Statistical analysis (two-way anova) for phytochemical data 
was carried out using the SAS System for Windows v. 8.0 (SAS 
Institute, Cary, NO. Differences among mens were tested using 
Fisher's Least Significant Difference (LSD). 
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SUMMARY 

An high-performance liquid chromatographic method with post-column deriva- 
tization is described which allows the specific detection of catechins and proantho- 
cyanidins in crude extracts from plants and beverages. In the presence of concentrated 
sulphuric acid, 4-dimethylaminocinnamaldehyde can be employed as a selective, 
reagent. The advantage of the reagent is that its condensation products with flavanols 
show maximum absorbance at about 640 nm. Other phenols, indoles and terpenes give 
reaction products with different absorbances or react very weakly. A 200-40 000 fold 
sensitivity was found for ( — )-epicatechin as compared to other phenols and 
substituted indoles. Concerning the terpenes, this factor ranges from 4000 (for the 
aromatic thymol) to 2 • 10 6 . 



INTRODUCTION 

Catechins and their oligomeric forms, namely the proanthocyanidins (con- 
densed tannins), are an heterogeneous group of secondary compounds 1,2 which are 
widespread in the plant kingdom 3-5 . The astringency of these flavanols is well known 
in fruits 6 " 8 . The content of catechins is an important factor in determining the quality 
of juices 9 and wines 10 " 12 . The oligomeric proanthocyanidins play a role in the 
durability of beers 13 " 15 . All the above mentioned observations are related to the 
ability of flavanols to precipitate proteins 16 . This precipitation reaction is probably 
also responsible for the participation of catechins in plant defence mechanisms 17,18 . 

For these reasons it is often necessary to know the composition of the various 
catechins and condensed tannins in plant tissues and to monitor their structural 
variation during beverage processing 19 " 23 or during the wound response of 
plants 24,25 . In the latter case, oxidation processes often lead to oligomerization and 
polymerization 1 and diseased plant tissues sometimes show an enhanced synthesis of 
flavanols 26 . 

The analytical method normally used to estimate the amount of catechin and its 
derivatives is the colorimetric measurement of their total content after reaction with 
aromatic aldehydes 27 " 29 in a test-tube. The qualitative pattern of these phenols can be 
determined by thin-layer chromatography using the known aromatic aldehydes 30 " 32 
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or the trinitrophenol-potassium hydroxide reagent 33 for visualization. However, the 
quantification of each compound normally requires its purification from other 
phenolic compounds. A prepurification has been carried out by several authors 34 ' 35 . 
In high-performance liquid chromatographic (HPLC) analysis of flavanols extracted 
from plants, which are rich in phenols, the main problem is the rather low molar 
extinction of catechins as compared to phenolic acids. The cinnamic acids also show 
similar retention behaviours and often occur in plants in a more concentrated form 
than the flavanols. Lea 36 solved this problem using a pH-shift technique during the 
HPLC separation of apple juices. A chemical reaction detection of flavanols by using 
4-dimethylaminocinnamaldehyde (DMACA) after their preparative separation on 
a Sephadex column has been described by McMurrough and McDowell 37 and 
McMurrough 38 . 

This paper deals with the post-column derivatization of catechins and pro- 
anthocyanidins for their selective detection following analytical HPLC separation of 
crude plant extracts and beverages. 

EXPERIMENTAL 

The HPLC equipment consisted of two pumps T-414 (Kontron) and the gradient 
programmer 205 (Kontron). The column (250 mm x 4 mm I.D.) was prepacked with 
Shandon Hypersil ODS, 3 /im. The solvents were 5% acetic acid (A) and methanol (B). 

Gradient range: 0-5 min, isocratic, 5% B in A; 5-10 min, 5-10% B in A; 15-25 
min, 10-15% B in A; 25-35 min, isocratic, 15% B in A; 35-37 min, 15-20% B in A; 
37-45 min, isocratic, 20% B in A; 45-55 min, 20-30% B in A; 55-70 min, 30-45% B in 
A; 70-90 min, 45-90% B in A. 

Because of the corrosive reagent, an inert HPLC pump (Gynkotek, F.R.G.) was 
used. It was equipped with titanium pump heads. Capillaries and screws were both 
made of PTFE. The reactor was a knitted PTFE capillary (9 m x 0.5 mm I.D.) as 
described by Engelhardt and Klinkner 39 . The substrate-reagent mixing was per- 
formed by a simple T-connection (titanium). The compounds were detected with an 
inert UV-VIS detector (Gynkotek, F.R.G.). 

The estimation of the absorbance maximum and the wavelength ratio (640:620 
nm) was performed with a Beckman Model 24 spectrophotometer. 

RESULTS AND DISCUSSION 

Application possibilities of aldehyde reagents 

The reactivity of aldehydes in solutions containing strong mineral acids as well 
as the colour reactions of aromatic aldehyde have long been used to detect many 
different substances. Unsaturated compounds such as phenols 40 "" 46 , pyrroles and 
indoles 41 ' 44 as well as some terpenes 42,43,45 ' 47 ' 48 were reported to react with 
aldehydes. Additionally, aliphatics, i.e., alcohols, ketones may be converted into 
olefins under the influence of mineral acids and may then be sensitive to the aldehyde 
reaction 43 - 47 - 49 . 

In spite of these findings, colour reactions of aromatic aldehydes have often been 
employed specifically, such as for flavanols 29 ' 38 * 45 ' 50 " 57 or for indoles 58-61 . 
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TABLE I 

ABSORBANCE OF THE CONDENSATION PRODUCTS OF DMACA WITH (-)-EPICATECHIN 

IN THE PRESENCE OF VARIOUS ALCOHOLS 

Concentration of sulphuric acid was 1.5 M in the corresponding alcohol. 



Alcohol Wavelength of maximum 
absorbance (nm) 



Methanol 632 

Ethanol 636 

Propanol 638 

Butanol 640 



Mode of action 

Principally, when dissolved in strong acids, aldehydes become electrophihc and 
therefore very reactive. The reaction mechanism with formaldehyde and phenols has 
been clarified by Finn and James 62 and by Hillis and Urbach 63 . However, such 
aromatic aldehydes, which are substituted, show a reduced reactivity, as compared to 
formaldehyde, because of the possible derealization of the positive charge 64 ' 65 . This 
requires an activated aromatic ring of the substrate, i.e., of the phloroglucinol type in 
order to obtain optimum condensation reaction with phenols. 

DMACA has the advantage that its reaction product with catechin shows an 
absorbance maximum between 632 and 640 nm depending on the solvent (Table I). 
Other aldehydes, commonly used, lead to absorption at a shorter wavelength (Table 
II), so that anthocyanidins or other substances which yield a red colour in the presence 
of acid may interfere. Moreover, the molar extinction of the products yielded with 
DMACA is about 1000 times higher than that with 4-dimethylaminobenzaldehyde 51 . 

Optimization of the derivatization system 

As shown by several authors 51 ' 60 , the reaction with DMACA depends on the 
concentration of acid and alcohol. Since in the HPLC separation of flavanols 
a gradient system is necessary, the reaction conditions change during an experiment. 
Methanol both accelerates the reaction and increases the extinction value. However, 
after reaching the maximum absorbance, the extinction declined, which may be 



TABLE II 

ABSORBANCE OF THE CONDENSATION PRODUCTS OF VARIOUS ALDEHYDES WITH 
(-)-EPICATECHIN IN THE PRESENCE OF 0.075 M SULPHURIC ACID IN METHANOL 

Aldehyde Wavelength of maximum 

absorbance (nm) 



Anisaldehyde 455 

Vanillin 490 

4-Dimethylaminobenzaldehyde 510 

Sy ringaldehyde 5 1 5 

4-Dimethylaminocinnamaldehyde 632 
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explained by a superimposed decomposition of the condensation product. The latter is 
also influenced by the acid and the alcohol concentration (Fig. 1). Water, acetonitrile 
and acetone inhibit the formation of the coloured product (Fig. 2). 

In order to obtain a good sensitivity, 1% DMACA in 1.5 M methanolic 
sulphuric acid was used. The length of the knitted capillary reactor was 9 m, resulting 
in a reaction time of 90 s. 

Selectivity and sensitivity 

The use of the DMACA reagent for the specific detection of catechins demands 
knowledge of the relative sensitivity of other substances which are also known to give 
coloured products with aromatic aldehydes. 

For this purpose the method of flow injection analysis 39 was used. Except for 
omission of the column, the system was the same as that described for the separation 
procedure. The solvent normally consisted of 40% methanol in 1% aqueous acetic 
acid. Only for some phenols and terpenes, butanol-methanol (1:5, v/v) was used as the 
solvent and the reagent was dissolved in butanol (containing 1.5 M sulphuric acid) to 
prevent demixing. For each compound a calibration graph was constructed to estimate 
the relative sensitivity. 

Possible interference with catechins was shown to depend on the activation of 
the phenol group which determines the sensitivity towards the reagent. For this reason, 



u 




0.2 



10 20 30 40 50 60 70 80 % Solvent B 

■ 1 ► 1 • • — 1 

10 25 37 55 70 90 

Corresponding gradient time (mini 

Fig. I. Influence of the solvent composition and the reaction conditions (concentration of sulphuric acid in 
the 1% DMACA reagent; reaction time) on the detection sensitivity (640 nm) for (— )-epicatechin. Each 
data point represents the mean of four injections during flow injection analysis without the column. The 
injected flavanol was dissolved in that solvent which corresponded to the flow condition used at each point. 
(■) 0.65 Af. 90 s; (A) 1.15 120 s: (•) L65 A/, 60 s; (★) 5.30 M. 90 s: (x) 2.55 A/, 90 s. 
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Fig. 2. Influence of the solvent on the reaction kinetics of DMACA (0.5%) with (+)-catechin (10 /Jg/ml) in 
the presence of 0.75 M H 2 S0 4 . The solvent was made up to 100% with water. - — 



flavonoids with a carbonyl function at C4, i.e., naringenin show a rather weak reaction 
(Table III) as already shown by Sarkar and Howarth 54 . The high sensitivity of indole 
was diminished by substitution at the pyrrole ring, c/., tryptamine. Additionally, the 
relative sensitivity was affected by chromophoric groups and their binding sites. 




(jg Flavanol 



Fig. 3. Calibration graphs for ( -I- )-catechin and (— )-epicatechin. Detection after chemical reaction with 
DMACA (1% in 1.5 M methanolic suphuric acid); for separation conditions see Experimental. 
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Another factor, which plays an important role in analyzing plant extracts, is the 
volatility of some compounds. During the concentration procedure with an eva- 
porator, volatile substances such as indole and some terpenes disappear and do not 
disturb the catechin detection further. If any uncertainty about the catechin nature of 
a peak remains, an absorbance ratio between 640 and 620 nm for instance (Table III) 
may be helpful. 

AH these facts summarized in Table III led to the conclusion that the DM ACA 
reagent described can be used for specific chemical reaction detection of catechin and 
oligomeric proanthocyanidins. It has been shown that the detector responded linearly 
to the signal (Fig. 3). For epicatechin the detection limit was 2.5 ng with a signal- 
to-noise ratio of 2. 

Fig. 4 shows the separation and selective detection of the catechins and 
proanthocyanidins extracted from a Chinese tea which is known to be rich in 
flavanols 66 - 67 . In Fig. 5 two chromatograms of the phenols of a bottled beer are 
compared with the detection at 280 nm (upper part) and 640 nm after chemical 




io 20 30 40 so 60 TIME(min) 




w 20 30 M so 60 7QTIME(min) 10 20 » w so 60 TIME(min) 

Fig. 4. HPLC separation and chemical reaction detection with DMACA of a phenolic extract from 1.5 mg 
dry Chinese tea (Camellia sinensis). 



Fig. 5. HPLC separation of the phenolic compounds of 0.5 ml bottled beer (concentrated to 10 /il) with 
detection at 280 nm (above) and after chemical reaction with DMACA at 640 nm (below). 



192 



D. TREUTTER 



reaction with DMACA. The UV-absorbance spectra of the main peaks of the 280-nm 
chromatogram (measured with a diode array detector) showed a maximum between 
260 and 270 nm. From this one can conclude that the main peaks with short retention 
times are structurally not related to flavanols and that they overlap the catechins and 
proanthocyanidins. The latter were visualized with DMACA, resulting in the lower 
chromatogram (Fig. 5). 
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Figure 3. Plot of the logarithms of the observed rate 
constants vs. the logarithms of hydroxide ion concentra- 
tion for the hydrolysis of STB to BBU at 26° C in water- 
methanol. 

[0H~] is essentially 1.0 (Figure 3), indicating that the 
reaction has a simple first-order dependence on hydroxide 
ion concentration. The opening of the triazine ring of STB 
results in BBU formation in the reaction medium. This 
interpretation is consistent with the observations of White 
et al- (1973). The nucleophilic attack of hydroxide ion at 
the carbonyl next to the nitrogen atom Ni of the benz- 
imidazole ring causes the opening of the triazine ring of 
STB, This reaction is much slower than the cyclization 
of benomyl to STB: when [OHi = 1.0, fcobad =* 0.2 X 1<H 
s-i; [OHI - 7.0, fcobad = 2X 10~ 4 r 1 . 

CONCLUSIONS 

These results are of theoretical as well as of practical 
value and allow a better understanding of the chemical fate 



of benomyl in various conditions. 

Benomyl can, in some circumstances, be submitted to 
alkaline conditions. Some anticryptogamic agents, such 
as the Bordeaux mixture, are alkaline. Local alkaline 
conditions can prevail in soils after recent or excessive 
liming. Heat treatments and alkaline peeling solutions are 
often used in fruit processing. In these various cases, the 
involvement of the reaction pathways leading to STB and 
BBU is quite possible. The environmental impact of either 
STB or BBU is not well known to date. However, it seems 
that, in normal practical use situations, the residue levels 
of benomyl or its derivatives are very low. As for the aerial 
parts of plants, even after alkaline treatments, intact 
benomyl constitutes the major component of the local 
residue on the leaves (Baude et al, 1973); the fast 
drying-out of the spray droplets prevents noticeable further 
degradation of benomyl. 
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Specificity of the Vanillin Test for Flavanols 

Subodh YL Sarkar 1 and Ronald E. Howarth' 



NOTICE 

THIS MATERIAL MAY BE PROTECTEO 
BY COPYRIGHT LAW 
(Title 17 U.S. Code) 



The reaction with vanillin in acidic solution was previously considered to be a specific test for flavanols. 
In this work the specificity of the vaiullin reaction was reexamined by testing the reactivity of 15 flavonoid 
and two chromone compounds. In addition to flavanols, the dihydrochalcones phloretin and phlondzin 
gave significant color development Flavanone and flavanonol aglycones reacted weakly. The structural 
requirements for a positive reaction have been deduced. The vanillin-HCl screening test, used by plant 
breeders, has been modified to prevent the possible occurrence of a false positive interpretation due 
to the presence of anthocyanins in plant materials. The anthocyanidins cyamdin, pelargonidin, and 
peonidin were identified in alfalfa {Medicago sativa L.) herbage, and several other herbaceous legumes 
were examined for the presence of anthocyanins. The possibility of interference by dihydrochalcones 
or anthocyanins should be considered when the vanillin-HCl reaction is used for the detection and 
quantitative analysis of flavanols in plant materials. 



Alfalfa (Medicago sativa L.), red clover (Trifolium 
pratense L.), and white clover (T. repens L.) are legume 
forages which may cause ruminant bloat when they are 
grazed by cattle or sheep, but sainfoin (Onybrychis ui- 
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ciaefolia Scop.) and birdsfoot trefoil (Lotus corniculatus 
L.) are legume forages which do not cause bloat. The 
observation that protein precipitants are present in sa- 
infoin and birdsfoot trefoil herbage, but absent from al- 
falfa, red clover, and white clover herbage, has led to the 
conclusion that protein precipitants are responsible for the 
nonbloating property of sainfoin and trefoil (Gutek et al., 
1974; Jones and Lyttleton, 1971). Hence it would be of 
great benefit if plant breeders could introduce protein 
precipitants into alfalfa, red clover, and white clover to 
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prevent the occurrence of bloat in ruminant animals 
grazing these species. 

The ability to precipitate proteins is a property of 
tannins. Unfortunately it is difficult to define the term 
"tannin" and this has been a cause of confusion in the 
scientific literature. In this report we use the term ac- 
cording to the definition given by Swain and Bate-Smith 
(1962), Le>, water-soluble, phenolic compounds, with 
molecular weights between 500 and 3000, and having the 
ability to precipitate proteins. The tannins of herbaceous 
legumes are flavolans which are polymers of flavan-3-ols 
and flavan-3,4-diola (Bate-Smith, 1973; Jones et al, 1973). 

In a survey of legume forages Jones et si (1973) detected 
tannins by extraction of proteins from herbage in the 
presence and absence of polyvinylpyrrolidone (PVP). The 
presence of tannins was indicated by extraction of a larger 
amount of protein in the presence of PVP compared to 
extraction in the absence of PVP. In the same study they 
obtained a positive vanillin-HCl test for flavanols in every 
species which contained tannins as judged by the PVP test 
Similar results have been obtained in this laboratory 
(Howarth and Goplen, 1974). Jones et al (1973) obtained 
a negative result when alfalfa was examined by the van- 
illin-HCl test However, Milic (1972) and Delic (1972) used 
the vanillin-HCl reaction and reported the presence of 
flavanols in alfalfa. Lehman (1974) has selected alfalfa 
strains on the basis of response to the vanillin-HCl test 
These conflicting results led us to examine the specificity 
of the vanillin-HCl test, particularly concerning its ap- 
plication to crude leaf extracts of forage legumes for plant 
breeding purposes. 

The vanillin reagent reacts in an approximately stoi- 
chiometric manner with compounds containing meta- 
oriented di- or trihydroxy substituents on the benzene rings 
(Swain and Goldstein, 1963). A positive reaction is in- 
dicated by the appearance of a light pink to deep cherry 
red coloration. In the case of flavonoida, 5,7-dihydroxy 
compounds are deactivated by the presence of a carbonyl 
group in the C-4 position (Ribereau-Gayon, 1972). 
Therefore, the reaction has been applied as a specific test 
for flavanols (Swain and Hillis, 1959) because they lack 
the carbonyl group at the C-4 position. The reaction haa 
been adapted to a screening test for plant breeding 
purposes by crushing leaves between two layers of filter 
or chromatography paper and then applying the reagent 
to the imprint on the paper (Burns, 1963; Jones et al., 
1973). 

EXPERIMENTAL SECTION 

The specificity of the vanillin reaction was investigated 
by testing a number of flavonoid compounds which varied 
in the oxidation level of the middle heterocyclic ring. 
Several chromone compounds which lack the B ring of the 
flavonoid nucleus were also tested. The test compounds 
were obtained from K and K Rare and Fine Chemicals, 
Pfalte and Bauer Inc., and Fluka AG. 

The test compounds were dissolved in distilled water at 
concentrations of 8 to 33 jig/mL The vanillin reagent 
contained 1% vanillin in 70% (v/v) sulfuric acid (Swain 
and Hillis, 1959). Four milliliters of vanillin reagent was 
mixed with 3.0 ml of sample solution. Absorbance readings 
were taken at 500 nm with the spectrophotometer zeroed 
against a reagent blank. 

Plant material was tested for flavolans by crushing 
leaves or stems between two layers of 3MM chromatog- 
raphy paper and applying vanillin solution to the imprint 
on one of the layers (Jones et al, 1973). The vanillin 
solution contained 2 vol of 10% w/v vanillin in ethanol 
mixed with 1 vol of concentrated HCL In this work it was 
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necessary to apply a control solution (2 vol of ethanol in 

1 vol of concentrated HC1) to the imprint on the second 
paper layer to avoid the possibility of obtaining a false 
positive response. 

Anthocyanins were extracted from 10 g of herbage by 
homogenization with 30 ml of methanol- water (i;l). The 
homogenizer (Sorvall) was cooled in ice and operated for 

2 min. Homoge nates were filtered through glas^fiber 
disks; the filtrates were concentrated to about 2 ml in a 
rotary evaporator, and centrifuged for 3 min at 600£. The 
supernatant solutions were streaked on Whatman 3MM 
chromatography paper and the chromatograms were de- 
veloped in butanol-acetic acid-water (4:1:5. upper layer). 
The anthocyanins appeared as colored bands on the 
chromatograms. They were identified by comparison with 
Rf values reported in the literature and by their absorption 
spectra. 

The anthocyanins from alfalfa herbage were eluted from 
the chromatograms with 1% HCl in methanol (v/v) and 
an aliquot was rechromatographed on a cellulose thin-layer 
chromatogram developed in acetic acid-HCHrhO 
(15:3:82). Another aliquot was heated to 100 °C for 30 min 
in 3 N HCl to hydrolyze the anthocyanins. The antho- 
cyanidins so obtained were extracted into amy! alcohol, 
and their Rf values were determined on a cellulose 
thin-layer chromatogram developed in acetic acid-HCK 
water (30:3:10). Another aliquot of the amy] alcohol extract 
was spotted on Whatman 3MM chromatography paper 
and developed in 1% HCl The anthocyanidin bands were 
eluted into 1% HCl in methanol for measurement of their 
visible absorption spectra. Standard anthocyanidins 
(cyanidin, delphinidin, malvidin, pelargonidin, and 
peonidin) were chromatographed along with the antho- 
cyanidins from alfalfa. 

RESULTS AND DISCUSSION 

We considered the possibility that the oxidation level 
of the middle heterocyclic ring may affect the reactivity 
of flavonoids with the vanillin reagent The reactivities 
of flavonoid glycosides and of chromones, which lack the 
flavonoid B ring, were also tested. Seventeen compounds 
representing flavanols, flavanones, flavones, flavanonols, 
flavonols, dihydrochalcones, chalcones, and chromones 
were examined. The chemical structures of these com- 
pounds are shown in Figure 1 and Table I, and their re- 
actions with the vanillin reagent are given in Table L Six 
compounds gave positive reactions but there were large 
differences in the intensities of color development. Molar 
extinction coefficients of the reactive compounds are shown 
in Table II. 

Our results show that the vanillin reagent is not com- 
pletely specific for flavanols. Catechin, a flavanol, gave 
the greatest intensity of color development, but phloretin, 
a dihydrochalcone, gave a color intensity in the same order 
of magnitude as catechin. When phloretin concentration 
in the sample solution was 16 Mg/ml a red complex pre- 
cipitated after addition of the vanillin reagent There was 
no visible precipitate at a phoretin concentration of 8 
Mg/ml. Pbioridzin, a dihydrochalcone glycoside, gave an 
intermediate color intensity while naringenin, hesperetin, 
and dihydroquercetin gave small amounts of color. 

Swain and coworkers (Swain and Hillis, 1959; Goldstein 
and Swain, 1963) tested the specificity of the vanillin 
reaction using a variety of compounds. Our results confirm 
their finding that chalcones, flavonols, and flavanone 
7-grycoaides do not give a color reaction (Swain and Hillis, 
1959). However, we have tested a greater variety of fla- 
vonoid compounds and our observations provide new 
information on the structural requirements for a positive 
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Class 



Structure of 
C, unit 



pjavanols 



Dihydro- 
chalcones 



Chalcone 



Flavanones 





Catechin + + + 

(5,7,3' A'- 

tetrahydroxy- 

flavan-3-ol) 
Phloretin + + + 

(4,2,4,6- 

tetrahydroxy- 

dihydrochalcone) 
Phloridzin + + 

(phloretin 2'- 

glucoside) 
Butein(3,4,2',4'- 

tetrahydroxy- 

chalcone) 




Flavonols 



Chromones 



Naringenin 

(5.7,4'- 

trihydroxy- 

flavanone) 
Naringin 

(naringenin 

7-rutinoside) 
Hesperetin 

(5,7,3'- 

trihydroxy- 

4'-methoxy- 

flavanone) 
Hesperidin 

(hesperetin 

7-rutinoside) 
7-Hydroxyflayone 
6,7-Dihydroxy- 

flavone 



Dihydroquercetin + 



Kaempferol 

(5,7,4'- 

trihydroxy- 

flavonol) 
Quercctin 

(5,7,3\4'« 

tetrahydroxy- 

flavonol) 
Quercitrin 

(quercetin 

3-rhamnoside) 
Rutin 

(quercetin 

3-rutinoside) 
Eugenin 

(2-methyl-5- 

hydroxy-7- 

methoxy- 

chromone) 
2-Methyl-5,7- 

dihydroxy- 

chromone 



reaction by flavonoid compounds. 

Vanillin is protonated in acid solution, giving a weak 
electrophilic radical which reacts with the flavonoid ring 
at the 6 or 8 position. This intermediate compound is 
dehydrated to give a red colored compound (Ribereau- 
Gayon, 1972). Table I shows that a single bond between 




c 

s B 

Figure 1. Numbering systems for: (A) most ftavonoids; 
(B) chaJcones, dihydrochalcones; (C) chromones. 

Table VL Molar Extinction Coefficients of the Colored 
Products Formed from Flavonoid Compounds with the 
Vanillin Reagent ' 



Compound 



€ X 10- 



Catechin 

Phloretin 

Phlorizin 

Naringenin 

Hesperetin 

Dihydroquercetin 



33.8 
25.3 
9.1 
2.5 
2,8 
2.6 



C-2 and C-3 is an essential requirement for a positive 
reaction. Chalcones, flavones, flavonols, and chromones 
are completely inactivated by a double bond in this lo- 
cation. Inactivation is probably due to decreased electron 
density in the A ring because of electron delocalization. 
Only small amounts of color were given by naringenin, 
hesperetin, and dihydroquercetin indicating nearly 
complete inactivation by the electron-withdrawing effect 
of the carbonyl group at C-4. However, much less inac- 
tivation by the carbonyl occurred with the dihydro- 
chalcones which were activated by an additional free 
hydroxy group at C~6\ The flavanone glycosides, naringin 
and hesperidin, did not react, indicating the requirement 
for a tree hydroxy group at C-7. The glycoside phloridzin 
produced less color than the corresponding aglycone, 
phoretin, probably because glycosylation decreased 
electron density at C-2' or because the glucosyl group 
8terically hindered substitution at C-3". In summary, the 
essential structural requirements for reaction of the fla- 
vonoid* with the vanillin reagent are a single bond at the 
2,3 position and free meta-oriented hydroxy groups on the 
B ring. Substantial amounts of color development are 
therefore given by the flavanols and dihydrochalcones. 

These results raise the possibility of interference by 
dihydrochalcones when the vanUlin-HCl test is used for 
the detection or quantitative determination of flavanols 
in plant materials. Although considerable quantities of 
phloridzdn are present in apple and pear leaves (Williams, 
1966), the dihydrochalcones are less widely distributed 
than flavanols (Harborne and Simmonds, 1964). Ac- 
cordingly, a positive vanillin-HCl reaction is probably 
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Table III. Anthocyanins from Alfalfa Herbage 
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Paper 
chromatography 



Band 



value* 



Thin-layer 
chromatography, 



Identity of 

ant ho- 
cyanidins* 



0.03 
0.07 
0.17 
0.24 
0.37 



0.90 

0.66 and 0.90 
0.66 and 0.90 
0.74 and 0.90 
0.08 



Cy 
Cy 

Cy, Pg, Pn 
Cy,Pg, Pn 
Cy 



a Solvent : bu t anoi-ace tic acid-water (4:1:5), upper 
layer. b Solvent: acetic acid -HC1~ water (15:3:82). 
* Abbreviations: cyanidin (Cy), pelargonidin (Pg), and 
peonidin (Pn)- 

attributable to flavanols but additional teste by paper 
chromatography would be necessary to confirm their 
presence and to establish that dihydrochalcones are not 
present. 

When we used the vanillin-HCl screening test (Jones 
et al., 1973) to survey a number of alfalfa cultivars and 
strains, several plants gave a pink color which appeared 
to be a positive reaction. However, further examination 
of these plants by testing for protein precipitants (Jones 
and Lyttleton, 1971) or by paper chromatography of 
methanol extracts (Sarkar et al, 1976) failed to confirm 
the presence of flavanols or tannins. Since anthocyanins 
give a pink to red color in acidic solutions, alfalfa herbage 
was examined for the presence of anthocyanins. Paper 
chromatography of extracts from alfalfa herbage Bhowed 
the presence of five colored bands (Table III), three of 
which gave two bands by thin-layer chromatography. 
When the colored bands were eluted from paper chro- 
matograms and hydrolyzed in HC1, three anthocyanidins 
were obtained: cyanidin, peonidin, and pelaragonidin. 
Delphinidin, petunidin, and malvidin occur in alfalfa petals 
(Cooper and Elliott, 1964) but to the best of our knowledge 
this is the first report on identification of the antho- 
cyanidins in alfalfa herbage. Several other herbaceous 
legumes were examined for the presence of anthocyanins. 
Sericea (Lespedeza cuneata Don.), birdsfoot trefoil (Lotus 
corniculatus L.), small hop clover {Trifolium dubium 
Sibth.), and large hop clover (T. campestre Schreb.) 
contained an anthrcyanin which was identified as cyanidin 
3,5~diglucoside. Identification was on the basis of Rf value 
and absorption spectrum. Anthocyanins were not detected 
in rabbit foot clover [T. arvense L.) and crownvetch 
(Coronilla oaria L.). 

We introduced a modification to the vanillin-HCl 
screening test to avoid a false, positive interpretation due 
to the presence of anthocyanins in the plant materials. A 
control solution containing HC1 in ethanol was applied to 
the leaf imprint on the second layer of chromatography 



paper. If a red coloration results from the presence of 
anthocyanins, it will appear on the leaf imprint treated 
with this control solution, as well as on the imprint treated 
with the complete reagent solution. Red color resulting 
from the presence of flavolans will appear on the imprint 
treated with the complete reagent solution but not on the 
imprint treated with the control solution. The modified 
vanillin-HCl screening test has been used to survey many 
alfalfa plants and we have not detected the presence of 
flavolans (Howarth and Goplen, 1974). Thus in this work 
as well as that reported elsewhere (Sarkar et al, 1976), we 
have been unable to confirm the occurrence of flavanols 
in alfalfa as reported by Milic (1972) and Delic (1972), 
Possibly their extracts contained anthocyanins. 

In conclusion, the vanillin-HCl reaction is useful for the 
detection and quantitative analysis of flavanols in plants 
but the possibility of interference by dihydrochalcones and 
anthocyanins should be considered. 
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Abstract 

Plant condensed tannins (proanthocyanidins, PAs) have both positive and negative effects on feed 
digestibility and animal performance, depending both on the quantity and biological activity of the 
tannins that are present. In this review, the chemistry and analysis of condensed tannins (PAs) are 
examined. Our first focus is on the complexity of the structures of condensed tannins and our 
second emphasis is on the analytical methods used to evaluate tannins. The section on methods is 
subdivided into a discussion of methods to determine the amount of condensed tannins or total 
phenolics in a sample and a section on methods to measure biological activity. The methods to 
measure reactivity include assays involving protein binding and precipitation, as well as those that 
involve enzymatic and microbial inhibition. The last section of the paper discusses structure- 
activity relationships and provides information on how to select appropriate assays for measurement 
of the quantity and activity of condensed tannins. © 2001 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Condensed tannins (or proanthocyanidins, PAs) comprise a group of polyhydroxy- 
flavan-3-ol oligomers and polymers linked by carbon-carbon bonds between flavanol 
subunits (Figs. 1 and 2). The reactivity of PAs with molecules of biological significance 
has important nutritional and physiological consequences. Their multiple phenolic 
hydroxyl groups lead to the formation of complexes with proteins (Hagerman et al., 1998; 
Harborne, 1998; Naczk et al., 1996), with metal ions (Foo et al., 1997; Scalbert, 1991; 
Van Acker et al., 1998) and with other macromolecules like polysaccharides (Mueller- 
Harvey and Mc Allan, 1992). 

Analysis of condensed tannins is complicated by the diversity of structures found 
within this group of compounds. To clarify the discussion of methods, we therefore 
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Table 2 

A summary of available assay methods for condensed tannins 



Assay name 



Assay type 



Pro 



Con 



Comments 



Acid-butanol (AB) Chemical, coloriraetric Specific for condensed tannins 



Vanillin 
Prussian Blue 

Folin-Ciocalteu 

Thiolysis 
Phloroglucinol 



Chemical, colorimetric 
Chemical, colorimetric 

Chemical, colorimetric 

Chemical, needs HPLC 
Chemical, needs HPLC 



Ytterbium precipitation Gravimetric 

Enzyme assay Enzymatic inhibition 

Protein precipitation Precipitation 



PEG precipitation 
HPLC 

Microbial growth 
inhibition 



Precipitation 
HPLC 

Toxicity 



Specific for meta-diphenols 
General test for phenols 

Good for structure determination 
No standard needed 

Gives a more biological evaluation 

Reflects a biologically important 
process 

Can assay protein-bound tannin 
For polymers up to 7-8 units long 

A good biological assay 



Requires internal standard. 
Color yield varies with 
tannin structure 
Same as AB. Simple 
diphenols also react 
Depending on conditions, 
all phenols can react. 
Reducing agents react also 
Complex chemistry. 
All phenols react 
Requires pure tannin 
Product yields tend to be low 

Yield may vary with 
Yb: tannin ratio. Sample 
must be ashed 
Some enzymes much more 
susceptible than others 
Results depend on many 
variables such as choice 
of protein 
Requires I4 C-PEG 
Some condensed tannins 
bind irreversibly 
Choice of bacteria and 
medium composition will 
affect results 



Classical method. Not well suited 
to quantification 



Gives best correlation with 
biological activity 

Prussian Blue method gives better 
reading of total phenolic content 
Benzyl mercaptan is unpleasant to handle 
Thiolysis gives better yields of 
cleavage products 
Can be used to prepare standards 
for colorimetric analysis 

Does not rely on protein precipitation 

Can be done in agar plates (Hagerman) 



Better reserved for structural studies 

Requires relatively high tannin 
levels because of competing 
tannin-binding agents 
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Leucocyanidin reductase activity and 
accumulation of proanthocyanidins in 
developing legume tissues 1 

Birgitte Skadhauge, 2 Margaret Y Gruber, 3 
Karl Kristian Thomsen, 2 and 

DlTER VON WeTTSTEIN 2 ' 4 

2 Carlsberg Laboratory, Department of Physiology, Gamle Carlsbergvej 10, DK-2500 Valby, Copenhagen, Denmark; and 
3 Agriculture Canada, Research Station, 107 Science Drive, Saskatoon, Saskatchewan, Canada S7N 0X2 

Proanthocyanidin (PA) and anthocyanin accumulation and location in developing leaves, flowers, and seeds of the legumes 
Medicago saliva, Lotus japonicus, Lotus uliginosus, Hedysarum sulfurescens, and Robinia pseudacacia were investigated 
by quantitative measurements and by histological analysis after staining with 1% vanillin/HCl, butanol/HCl, or 50% HC1. 
M. sativa leaves and flowers, L. japonicus leaves, and R. pseudacacia flowers do not contain PAs, but seeds of all investigated 
species contain PAs. Anthocyanins are absent in the seed coats of all five species and in leaves of L japonicus. PA content 
generally increases as a function of development in leaves, but declines in flowers. With the exception of //. sulfurescens, 
flower PAs are synthesized in the parenchyma cells of the standard petal, while anthocyanins are located in the neighboring 
epidermal cells. Leucocyanidin reductase (LCR) catalyzes the conversion of 2,3-/raw.y-3,4-™-leucocyanidin to (+)-catechin 
and is the first enzyme in the PA-specific pathway. LCR activity was only detected in PA-containing tissues and generally 
declined during tissue development. 

Key words: anthocyanins; Hedysarum sulfurescens; Leguminosae; leucocyanidin reductase; Lotus japonicus; Lotus uli- 
ginosus; Medicago sativa; proanthocyanidins; Robinia pseudacacia. 



Flavonoids belong to a highly diversified class of com- 
pounds originating from the phenylpropanoid and aceto- 
genie pathway (Dooner, Robbins, and J0rgensen, 1991). 
While some flavonoids accumulate in a number of ferns 
and gymnosperms, an extraordinary multiplicity of vari- 
ants has evolved among the angiosperms, the variation 
being due to different substituents on the flavan skeleton 
(Harborne, 1988). An increasing number of flavonoids can 
be assigned important biological functions (Dakora, 1995). 
Among these is the induction of nod-gene transcription in 
Rhizobium by certain flavonoids released from Phaseolus 
vulgaris (Hungria, Joseph, and Phillips, 1991) and Medi- 
cago sativa (Peters, Frost, and Long, 1986; Maxwell et aL, 
1989; Hartwig, Joseph, and Phillips, 1991), which in turn 
promotes the formation of root nodules and N 2 fixation. 
Flavonols have also turned out to be essential for pollen 
germination in maize (Deboo, Albertsen, and Taylor, 1995) 
and Petunia (Ylstra et aL, 1994). 

Proanthocyanidins (PAs), also known as condensed 
tannins, are flavonoid polymers that accumulate in vari- 
ous tissues of many plant species. An important property 
of the PAs is their ability to bind and precipitate proteins, 
which derives from the fact that they are multidentate 
ligands able to bind simultaneously at more than one 

1 Manuscript received 30 May 1996; revision accepted 18 September 
1996. 

The authors thank Ms. Ann-Soli Steinholtz and Ms. Nina Rasmussen 
for preparing the figures; Ms. Marie Dam for growing the plants; Dr. 
Alister Muir, Saskatoon Research Station for kindly providing polymer 
standards; and Mr. Klaus Gruber for dissection of developing alfalfa 
seeds. This work was supported by grants from the Danish Academy 
of Technical Sciences (ATV). 

4 Author for correspondence (FAX: +45 3327 4766; e-mail: diter@ 
wsu.edu). 



point (Spencer et al., 1988). This property may lead to 
the formation of colloidal haze in beer if no stabilizing 
treatment is performed (Erdal, 1986), a problem that can 
be circumvented by using PA-free barley as raw material 
(Wettstein et al., 1977). When present in forage legumes, 
such as Lotus corniculatus and Onobrychis viciifolia, the 
ability of PAs to react with dietary proteins and to form 
stable complexes may have profound effects on animal 
nutrition. This property is considered the main reason for 
their action as rumen antibloat agents, since the com- 
plexes inhibit the formation of a stable foam (Jones, 
Broadhurst, and Lyttleton, 1976). Furthermore, the di- 
etary plant proteins are protected against bacterial de- 
amination in the rumen, providing a protein by-pass 
mechanism that results in increased duodenal absorption 
of amino acids (McNabb et al., 1993; Tanner, Moore, and 
Larkin, 1994). PAs and monomelic flavan-3-ols have re- 
cently been shown to have antioxidant properties (Hara, 
1994) and in some plants the presence of PAs has been 
correlated with insect resistance (Chan, Waiss, and Lu- 
kefahr, 1978; Hedin and Waage, 1986). 

Flavonoid composition is an obvious target for value- 
added improvement of crop plants, but exact knowledge 
of the constituents of PAs identified (Koupai-Abyazani, 
McCallum, and Bohm, 1992) and their biosynthesis is 
required for successful modification of the pathway. The 
genetic control of the biosynthesis of flavonoid mono- 
mers such as anthocyanins and isoflavonoids has been 
characterized to a considerable extent (Dooner, Robbins, 
and J0rgensen, 1991; Jende-Strid, 1993; Dixon and Pai- 
ya, 1995; Holton and Cornish, 1995), including the clon- 
ing of several genes. With genetic transformation becom- 
ing a routine technique for a number of crop plants, the 
ability to alter PA content and composition for biotech- 
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nological purposes is an achievable goal. For example, in 
root cultures of the legume Lotus corniculatus, PA syn- 
thesis was inhibited by antisense constructs based on the 
gene encoding chalcone synthase (CHS) (Robbins, Car- 
r0 n, and Morris, 1992). However, so far only genes en- 
coding enzymes in the biosynthesis of PA prior to leu- 
cocyanidin reduction have been isolated (Kristiansen and 
Rohde, 1991; Meldgaard, 1992). 

pAs are produced by condensation of flavan-3-ol units 
with flavan-3,4-diols (Kristiansen, 1984, 1986; Stafford, 
1990). For example, the prototype procyanidin B-3 is 
formed by reduction of (+)-2R,3S-rran5-3R,4R-cw-leu- 
cocyanidin (dihydroxyl-flavanol) to (+)-catechin with the 
enzyme leucocyanidin reductase (LCR) and subsequent 
condensation of catechin with leucocyanidin by a puta- 
tive condensing enzyme (CON) as shown in Scheme 1. 



OH 




Jo) 



OH 
OH 



Scheme 1. Biosynthesis of procyanidin B-3 from (+)-2R, 3S-trans~ 
3R, 4R-ci.y-leucocyanidin. LCR = leucocyanidin reductase; CON = 
condensing enzyme. 

Leucocyanidin reductase marks the branch point be- 
tween the anthocyanin- and PA-speciflc pathway. This 
enzyme uses dihydroxyl-flavanol to synthesize catechin 
and procyanidin-containing PAs and is specific for the 
formation of proanthocyanidins (Tanner and Kristiansen, 
1993). 

So far, it has not been possible to purify either this 
enzyme or an enzyme catalyzing the subsequent con- 
densing step, nor has it been possible to isolate the cor- 
responding structural genes. Mutants preventing the syn- 
thesis of PAs in the testa cells of the barley grain have 
been identified in six genes (Jende-Strid, 1993, 1995) and 
are being exploited by us to clone the genes encoding 
leucocyanidin reductase and a putative condensing en- 
zyme by differential transcript display techniques. We 
have previously analyzed the accumulation of PAs and 
characterized dihydroxy-flavanol reductase activity and 
polymer formation in leaves of sainfoin (Onobrychis vi- 
ciifolia) (Koupai-Abyazani et al., 1993a; Lees, Suttill, 
and Gruber, 1993; Lees, Gruber, and Suttill, 1995). In the 
present investigation we have studied the developmental 
pattern and cellular distribution of PA and anthocyanin 
in leaves, flowers, and seeds of alfalfa (Medicago sativa), 
Lotus japonicus, Lotus uliginosus, Hedysarum sulfures- 
cens, and the woody legume Robinia pseudacacia and 
measured the activity of leucocyanidin reductase (LCR) 
in relation to PA formation. The results will enable the 
selection of suitable tissues and developmental stages for 
enzyme isolation. 

MATERIALS AND METHODS 

Plant material — Developing leaves and flowers from alfalfa (Medi- 
c <*go sativa L. var. Beaver), Lotus japonicus L., Lotus uliginosus L., 



Hedysarum sulfurescens L., and Robinia pseudacacia L. were harvested 
from 1- to 2-yr-old greenhouse plants. R. pseudacacia seeds were col- 
lected from a mature tree growing in a garden at the Carlsberg Labo- 
ratory. Seeds of other species were obtained from the legume seed col- 
lection at Agriculture Canada, Saskatoon. Developing alfalfa seeds were 
dissected from pods of manually cross-pollinated Beaver genotypes, 
which have medium to dark blue flowers. Fresh, rinsed tissue was sorted 
into stages of development on damp filter paper, blotted to remove 
excess water, then used fresh for cytology and chemical assays, or quick 
frozen in liquid N 2 and stored at -80°C for enzyme assays. Stained and 
fresh samples were photographed through a Zeiss Axioplan KMC 100 
Universal microscope. Developing seeds were frozen and cut into 
15-p.m thick sections on a freeze microtome. 

Staining of proanthocyanidins — For method A, fresh tissue was in- 
cubated for 10 min in 1% vanillin in 6 mol/L HC1 at room temperature, 
a procedure in which the terminal flavanol of PA polymers is labeled and 
a red color formed (Sakar and Howarth, 1976). Vanillin reacts strongly 
with both flavan-3-ol monomers and polymers, but weakly with dihydro- 
chalcones and 4-deoxy-flavanols. For method B, whole tissue was washed 
for 2 d by soaking in several changes of MeOH until the MeOH was 
colorless, then soaked in butanol-HCl (70/30 volume/volume) at room 
temperature. The tissue was examined microscopically over a 1-5 d pe- 
riod, during which time PAs present in the tissue slowly hydrolyzed to 
orange-red or purple-red anthocyanin monomers. Hydrolysis was has- 
tened by incubation at 80°C for up to 1 .5 h, after an initial 2-h incubation 
at room temperature to fix the tissue and prevent disintegration. 

Staining of anthocyanins — Method C involved staining as for meth- 
od B, but a red color observed immediately upon addition of butanol- 
HCl indicated the presence of anthocyanins, since these compounds 
form the colored flavylium ion in an acidic environment. Method D 
used fresh tissue incubated in 50% HC1 at room temperature, which 
resulted in development of a red color in the absence of a methanol 
prewash when anthocyanins were present. 

Determination of PA content — Leaf and flower PA contents were 
measured by a modification of the butanol-HCl hydrolysis assay (Wat- 
terson and Butler, 1983). Fresh plant tissue (100 mg) was homogenized 
with a Polytron® at half speed for 1 min in 5 raL 100% MeOH with 
200 mg polyvinylpyrrolidone (PVPP) to bind PAs, followed by 
centrifugation to form a pellet, which was extensively washed with 
MeOH to remove anthocyanins. Alfalfa developing seed tissue was 
ground fine first in liquid N 2 and then with 1 mL MeOH, mixed with 
0.5 g PVPP/g seed tissue (mass/mass) seed tissue and handled as above. 
Bound polymer in the washed pellet was hydrolyzed for 1.5 h at 80°C 
with 7 mL butanol-HCl (70/30 volume/volume) and 80 uX 2% 
NH 4 Fe(S0 4 ) 2 12H 2 0 in 2 mol/L HC1, releasing red-colored anthocyan- 
idins into the solvent. The samples were clarified by centrifugation, and 
the height of the supernatant absorption peak at 550 nm was measured 
after correcting for baseline differences among the tissues. PA content 
of developing alfalfa seeds was calculated using a standard curve of 
polymer isolated from mature alfalfa seeds and expressed as a function 
of fresh mass. Polymer isolated from sainfoin {Onobrychis viciifolia) 
leaves was used to quantify PAs in other species. 

2,3-trans-3,4-cis-leucocyanidin reductase (LCR) assays — LCR ac- 
tivity was measured according to Tanner and Kristiansen (1993). Liquid 
N 2 -frozen leaves and flowers (500 mg) were ground to a dry fine pow- 
der, then reground in 3 mL LCR extraction buffer [100 mmol/L Tris- 
HC1, pH 8.0; 1 mmol/L EDTA, pH 8.0; glycerol (8.5% mass/volume); 
PEG 4000-8000 molecular mass (0.2% mass/volume); 5 mmol/L as- 
corbic acid; 5 mmol/L dithiothreitol (DTT) and 1 mmol/L phenylme- 
thylsulfonylfluoride (PMSF)] to a fine porridge, followed by grinding 
with 200 mg PVPP. Samples (2 mL) were centrifuged twice for 10 min 
each at 10000 X g i n a microfuge, and fresh supernatants were assayed 
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without further treatment or following desalting through Nick® col- 
umns. Frozen alfalfa seeds were processed in a similar fashion, except 
that fresh tissue mass varied between 35 and 370 mg. 3 H-cij-leuco- 
cyanidin substrate was prepared according to Tanner and Kristiansen 
(1993) and stored as aliquoted 10X stocks at -80°C. Assays (100 uX) 
contained 10 uJL substrate (2 X 10* DPM), 10 jjiL NADPH (50 mmol/L) 
and tissue extract diluted to 80 uX in LCR assay buffer [100 mmol/L 
Tris-HCl, pH 7.5; 0.1 mmol/L EDTA; 1 mmol/L DTT and 8.5% glyc- 
erol (mass/volume), which had been sterilized by filtration and degassed 
by N 2 purge. Concentrated stocks of 3 H-substrate and NADPH were 
diluted with assay buffer, and either heat-denatured tissue extracts or 
desalted extracts without additional NADPH were used as control as- 
says. Assays were incubated at 30°C for 30 min, then extracted three 
times with 300 p.L H 2 O saturated ethyl acetate after addition of 50 uX 
unlabelled ( + )-catechin (100 mmol/L). Pooled ethyl acetate fractions 
containing ^H-flavanols were dried at room temperature under a N 2 
stream, redissolved in 100 or 200 pL 0.22 jxm-mesh filtered water, and 
separated isocratically by high performance liquid chromatography 
(HPLC) using 3% acetic acid on a Novapack CI 8 column (3.9 X 150 
mm) (Waters) at a flow rate of 1 mL/min. 3 H-(+)-catechin was detected 
by a UV detector coupled to a Berthold flow-through scintillation de- 
tector (1 mL cell). Since cis-leucocyanidin slowly degraded on the 
HPLC column and left a slightly raised baseline, the radioactivity in 
the (+)-catechin peak was integrated after manual baseline construction 
using Berthold HPLC software, then expressed as a function of tissue 
fresh mass per hour of reaction time. 

RESULTS 

Alfalfa (Medicago sativa) — Figure 1 illustrates the 
stages of developing alfalfa leaves analyzed in this study. 
No red color was observed in leaves of any stage with 
any of the staining methods (Fig. 2), indicating that no 
PAs or anthocyanin are present in leaves of alfalfa. The 
stages of flower development analyzed are shown in Fig. 
3. All flower stages immediately stained bright pink-red 
for anthocyanins with methods C and D (Fig. 4). The 
intensity of the pink stain correlated with the intensity of 
the purple-red color in fresh alfalfa flower petals and, 
depending on the genotype, it was either constant during 
flower development or declined in intensity after anthesis. 
This color was observed in all sections of the keel, side, 
and standard petals, except for some genotypes in which 
the standard petal base was white in mature flowers. In 
addition, cells with large dark blue or red vacuoles were 
interspersed among the pink-stained cells. These vacuo- 
lated cells were sometimes aligned in stripes radiating 
outward from the petal base, but were usually dispersed 
throughout the tissue and were especially dense at the 
petal tip (Fig. 5). Closer observation of a stained standard 



petal revealed that most petal cells also contained a num- 
ber of very tiny red or blue vacuoles (data not shown). 
Large-colored vacuoles located in papilla on both flower 
surfaces could also be seen in fresh tissue (Fig. 6). The 
flower was uncolored using staining method B, indicating 
the absence of proanthocyanidins in the tissue. 

Alfalfa seeds developed a brown-red color slowly with 
method B, but not with methods C and D, indicating that 
PAs rather than anthocyanins were present in this tissue. 
The color was first observed at the hilum of the seeds at 
7-14 d after pollination (DAP), and by 28 d had com- 
pletely covered the whole seed (data not shown). This was 
confirmed by staining frozen sections of developing seeds 
(7, 14, and 28 DAP) using method A. PAs were only 
located in the testa and stained light red by 14 DAP (Fig. 

7) . By 21 d seeds had a well-developed testa layer (Fig. 

8) , which changed little in structure by 36 DAP (Fig. 9), 
at which time the PA-containing cells stained dark red. 
Mature seed halves stained in a similar fashion also ac- 
cumulated PAs only in the testa layer (data not shown). 

In order to determine the content of PAs in developing 
alfalfa tissues, as well as to investigate whether they syn- 
thesize PAs or anthocyanin, homogenized tissue was 
mixed with PVPP, washed with MeOH and heated in bu- 
tanol-HCl. Since PVPP initially binds both anthocyanins 
and PAs, control experiments were undertaken with H. 
sulfurescens flowers, which contain both of these com- 
pounds to determine the possibility of their separation. 
From homogenates of these tissues and of alfalfa flowers 
lacking PAs, anthocyanins could be selectively removed 
from the PVPP by extensive MeOH washes before hydro- 
lysis to the point that they contributed very little to the 
final absorbance. It was found that in developing alfalfa 
seeds PA content rose to a maximum of 40 |xg/mg fresh 
mass at 18 d postpollination, then declined to half maxi- 
mum by 28 d (Fig. 18A). PA-PVPP binding could not be 
detected in developing alfalfa flowers or leaves at any 
stage. 

LCR activity (Fig. 19A) was measured during tissue 
development by HPLC assays of (+)-catechin, from 3,4- 
c/s-leucocyanidin (Fig. 19B). While NADPH-dependent 
LCR activity could not be detected in developing flowers 
or leaves, there was considerable activity in seeds at 14 
DAP (Fig. 18A). It declined rapidly and reached a 
35-fold lower value by 21 DAP. 

Lotus japonicus— Figure 10 illustrates the stages of 
developing L. japonicus leaves investigated. Leaf cells 



Figs. 1-17. Medicago sativa. 1. (Fresh) unopened and mature leaves. Bar = 5 mm. 2. Proanthocyanidins (PA) are absent in butanol-HCl, heat 
treated mature leaves (bar = 10 u,m). 3. (Fresh) unopened and mature flowers. Bar = 3.5 mm. 4. Anthocyanins stain red upon 50% HC1 treatment 
of mature flowers. Bar = 1.2 mm. 5. Standard petal treated with butanol-HCl and heat (method C) showing rapidly staining anthocyanins. Bar = 
5 urn. 6. (Unstained) papillae cells from standard petal. Bar = 1 u>m. 7. Cross section of a seed 14 d after pollination (DAP) stained with 1% 
vanillin-HCl. Bar = 2.5 u-m- 8. Cross section of seed 21 DAP stained with 1% vanillin-HCl. Bar = 2.5 jim. 9. Cross section of seed 36 DAP 
stained with 1% vanillin-HCl. Bar = 2.5 u.m. Lotus japonicus. 10. Leaves, stage I: folded in bud (left), stage II: first completely open trifoliate 
close to bud (middle), stage III: trifoliate half-way down the stem (right). Bar = 5 mm. 11. Proanthocyanidins (PA) are absent in butanol-HCl, 
heat-treated mature leaves. Bar = 10 p.m. 12. A light orange stain appearing upon prolonged butanol-HCl hydrolysis (5 d) of leaves from plants 
grown under "crowded" conditions. Bar = 10 |xm. 13. Flowers, stage I: green, unopened (left), stage II: yellow-green, partially opened (middle), 
stage III: fully opened standard petal but closed wing petals, bright yellow (right). Bar = 4 mm. 14. Standard petal treated with butanol-HCl 
showing PA stain located in papilla (arrow) from stage m flowers. Bar = 2.5 urn. 15. Fresh stage III standard petal showing clear uncolored papilla 
(arrow) on surface cells. Bar « 2.5 n,m. 16. As for Fig. 14 but with flattened papillae. Bar = 1 u,m. 17. A patchy network appears in stage III 
standard petals upon butanol-HCl treatment without heat. Bar = 5 u,m. 
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Fig. 1 8. Proanthocyanidin (PA) content and leucocyanidin reductase 
(LCR) activity in legume species during tissue development of seeds, 
leaves, and flowers. (A) Medicago sativa seeds. (B) Lotus japonicus 
flowers and leaves. (C) Lotus uliginosus flowers and leaves. (D) Hed- 
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Fig. 19. Enzymatic reduction of 3 H(+)-2,3-/rtf/i5-3,4-c/s-leucocyan- 
idin (LC) to 3 H(+)-catechin. (A) Chemistry of the reaction, * indicates 
the labeled hydrogen atom. (B) HPLC traces of precursor and product 
from an LCR activity assay of 14-d-old alfalfa seeds. Top panel: ctVLC 
elutes at a retention time (RT) of 6 min (standard). Bottom panel: in 
the presence of LCR, (+)-catechin (RT 14 min) is formed. 



did not stain red with any of the staining methods at any 
stage of development (Fig. 11). Occasionally, long red 
cells were observed in the midvein of leaves (data not 
shown). When L. japonicus plants were grown under 
"crowded" conditions, a light orange stain on veins and 
vein ends of stage II and III leaves was present after a 
prolonged butanol-HCl hydrolysis (4-5 d) (Fig. 12). 

L japonicus develops single or double yellow flowers, 
arising from separate bracts. The three stages of flower 
development studied are depicted in Fig. 13. Young and 
mature wing and keel petals stained yellow-brown to a 
similar extent across all portions of the tissue upon slow 
butanol-HCl hydrolysis, then dark red upon further heat- 
ing. Dark orange containing veins were present throughout 



ysarum sulfurescens flowers and leaves. (E) Robinia pseudacacia 
leaves. Standard deviation within 10% of each data point, with the ex- 
ception of alfalfa seed in which it was within 20%. Average of 3-5 
experiments. 
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these stained floral organs. Pollen, pistil, anthers, devel- 
oping seed pod, and calyx tissue also stained completely 
dark red under these conditions. Stained standard tissue 
was structurally similar at different stages of development, 
Yvith orange-brown stained material developing slowly in 
clear, uncolored erect papillae stretching outward from the 
surface of the petal (Figs. 14, 15), followed by a dark red 
color after heating. The surface cells of fresh flower tissue 
also contained small yellow vacuoles (arrow) located to- 
ward the inside of the petal and distinct from the yellow- 
stained material in the papillae. When the papillae were 
flattened during microscopic examination, the orange- 
brown stain filled more than half the cell (Fig. 16). As the 
flower matured between stage II and m (Fig. 13), a patchy 
red-stained PA network developed from the base to the 
middle of the standard petal (Fig. 17), but excluding the 
tip. Since it was difficult to focus on this network from 
either surface, it is apparently sandwiched between the two 
cell layers with the papillae. Anthocyanins were only ob- 
served at the base of fresh standard tissue in cherry red 
cells identified by acidic treatment (data not shown). The 
intensity of the stained anthocyanin stripes increased as 
the flower opened completely. 

When frozen sections of developing and mature seeds 
of L. japonicus were stained according to method A, the 
dark red color was limited to the testa layer, confirming 
that PAs accumulate only in this tissue (data not shown). 

PA content in immature flowers of L. japonicus 
amounted to «250 u,g/mg fresh mass (Fig. 18B) and de- 
clined slightly in fully mature flowers. PA was not de- 
tectable in any extracts of L. japonicus leaves (Fig. 18B). 
Developing flowers had very low LCR activity, which 
disappeared during flower maturation, while LCR activity 
could not be measured in L. japonicus leaves at any stage 
of development (Fig. 18B). 

Lotus uliginosus (L. pedunculatus syn.) — Figure 20 
illustrates stages in the development of L. uliginosus 
leaves. These are larger and more hairy than L. japonicus 
leaves, and possess large numbers of small subepidermal 
mesophyll-like cells on the adaxial leaf surface, which 
stained dark orange at a relatively early stage of leaf de- 
velopment using method C (Fig. 21). These cells, as well 
as long cells above the leaf veins, also stained with meth- 
od A (Fig. 22). In addition to the smaller stained cells, 
new large, more heavily stained mesophyll-like cells ap- 
peared first on the adaxial surface of the leaf edge at stage 
HI (data not shown). L. uliginosus leaves also first de- 
veloped a discontinuous subepidermal network of stained 
cells on the abaxial surface, beginning at stage II and 
continuing into full maturity (Fig. 23). Leaf tissue did not 
stain red immediately upon addition of the hydrolytic sol- 
vent or acid alone at any stage of development, indicating 
that no anthocyanins were present. 

L. uliginosus flowers are produced as a composite yel- 
low flower head with 4-6 florets subtended by a single 
bract (Fig. 24). The fresh flowers have thin red stripes 
radiating outward from the standard petal base toward the 
edge on the exposed inner surface. L. uliginosus flowers 
stained bright orange-red using methods A and B, but 
with a structure distinct from that of L. japonicus as fol- 
lows. An unstructured network was observed at flower 
stage I (data not shown), while stages II and in looked 



similar after staining and contained a three-dimensional 
well-connected thick rectangular network of orange cells 
(Fig. 25). This network covered most of the exposed por- 
tion of the standard petal, beginning at the fold, not in- 
cluding the base, and becoming patchy at the side and 
tip. This is distinct from the thin, patchy planar network 
observed in L. japonicus standard petals, but similar in 
that it also appeared to be sandwiched between the pa- 
pillae. Unlike L. japonicus, L. uliginosus papillae did not 
stain using any method, but the sexual parts, pods, and 
calyx stained dark red. 

Frozen sections of developing and mature seeds of L. 
uliginosus were stained by method A, and a dark red 
color showed that PAs accumulate only in the testa layer. 
PA content increased during tissue development to a 
maximum of 250 jxg/mg fresh mass in mature L. uligi- 
nosus leaves (Fig. 18C). In contrast, PA content in de- 
veloping flowers declined from 250 |xg/mg fresh mass to 
one-half of this value. The LCR activity of L. uliginosus 
flowers remained constant at 5 000 DPM-mg fresh 
mass _1 h~' during development. The maximum LCR ac- 
tivity in leaves was sixfold higher than in flowers, and 
the activity declined by 30% during leaf development 
(Fig. 18C). 

Hedysarum sulfurescens — Young H. sulfurescens 
leaves (Fig. 26) were structurally similar to mature leaves 
when observed fresh or stained with method A or B. 
Stages II and III had a well-developed continuous sub- 
epidermal planar network on the abaxial leaf surface, 
which stained red with either method A or B (Fig. 27), 
as well as large numbers of red-stained cells in the me- 
sophyll layer (Fig. 28). These cells were large, clear, and 
colorless in fresh tissue. The network was structurally 
similar in all stages, except at the base of the leaf where 
the stage III network was compressed (Fig. 29). Stage III 
mesophyll PA cells appeared to leak stained material 
more readily into the solvent. Long red cells appeared 
over the main leaf vein after staining with method B (data 
not shown). Leaves turned red when stained by method 
D (data not shown), indicating the presence of anthocy- 
anins in this tissue. However, the color did not leak into 
the medium and could not be completely removed by 
MeOH soaking. Closer observation of these leaves 
showed small dark-stained vacuoles similar to those in 
alfalfa flowers, as well as brown patches, which only oc- 
curred in stage III leaves (data not shown). These vacu- 
oles and patches may have contributed to the brown- 
green color observable in fresh greenhouse leaf material. 

H. sulfurescens stage I flowers, which were normally 
pink-orange colored when fresh (Fig. 30), developed a 
bright pink color only at the flower tip when stained for 
anthocyanins by method D (data not shown). Stage II 
flowers stained bright pink over the tip and base of the 
keel petal, over all parts of the wing petals, and on both 
sides of the standard petal between long veins, but not on 
the middle, tip, or base of the standard (data not shown). 
Nonpetal floral organs did not stain with acid. Old flowers 
(stage HI) had very little color after staining and were 
mostly yellow from the color of the anthers. If the flower 
had been previously soaked in several changes of MeOH 
prior to staining, only a faint pink color developed, indi- 
cating that most of the anthocyanins could be removed. 
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; After staining H. sulfurescens flowers by method B, a 
dark red color occurred, indicating the presence of PAs. 
All organs including all petals, anthers, stamens, pistil, ca- 
lyx, and seed pod, were stained, with the color most con- 
centrated in the seedpod and calyx. The keel petal stained 
intensely on the edges and tip, while the wing petals 
stained lightly all over. The standard petal stained intensely 
in the middle section (Fig. 31) and lightly on the tip and 
side edges. Staining was especially intense close to long 
veins. Stage I flowers appeared similar in organization to 
the mature stages after staining with this method. 

When frozen sections of developing and mature seeds 
of H. sulfurescens were stained by method A, a dark red 
color showed that PAs accumulate only in the testa layer. 

PA content measured by PVPP binding doubled during 
maturation of H. sulfurescens leaves to the level measured 
in L uliginosus leaves, while the LCR activity declined 
from 24000 to 7000 DPM-mg FW-' h" 1 (Fig. 18D). This 
is in contrast to the situation in developing H. sulfurescens 
flowers in which the decline in PVPP-bound material is 
correlated with a decline in LCR activity (Fig. 18). 

Robinia pseudacacia — Figure 32 illustrates the stages 
of pseudacacia developing leaves used in this study. 
Leaves stained orange-red with method B at very early 
stages of development, i.e., stages I— III (Fig. 33). As the 
leaf matured and began to open, the tissue became more 
organized. Longer red-stained cells were observed lay- 
ered over a multitude of small, interconnected veins 
throughout the leaf (Fig. 34), but red-stained cells were 
not observed over the main leaf vein. These structures 
developed during stages II-IV. Between stages III and V, 
large numbers of orange-red to purple-stained cells de- 
veloped in the mesophyll layers on the adaxial side of R. 
pseudacacia leaves stained with either method A or B 
(Fig. 35) and by stage V an orange-stained discontinuous 
network had formed over part of the abaxial leaf surface 
(Fig. 36). Many of the mesophyll PA cells had burst open 
by stage VI, and the network was no longer visible at 
this stage. R. pseudacacia leaves were also stained with 
acid to detect the presence of anthocyanins. The main 
leaf vein stained light pink immediately with method C 
or D, but no red color developed in the rest of the tissue 



at any stage of development. Acid-stained leaves had tiny 
brown flecks where viewed across the leaf surface. This 
staining reaction is not characteristic of anthocyanins. 

Fresh R. pseudacacia flowers were light green before 
petal opening and white with green veins at full maturity. 
Floral organs did not stain with methods A, C, or D at 
any stage of development. 

When frozen sections of developing and mature seeds 
of /?. pseudacacia were stained by method A, a dark red 
color showed that PAs accumulate only in the testa layer. 
Developing R. pseudacacia leaves contained the largest 
amount of PA of all the legumes tested, and the content 
continued to rise with leaf expansion until stage VI (Fig. 
18E). A small portion of the color measured in the PVPP- 
binding assay may be due to anthocyanins, since ex- 
haustive extraction of the leaf with MeOH did not elim- 
inate staining with acid completely. The LCR activity 
also rose during leaf development until stage IV, after 
which time the activity declined dramatically to unde- 
tectable levels (Fig. 18E). PA and LCR activity could not 
be measured in R. pseudacacia flowers at any stage of 
development. 

DISCUSSION 

The accumulation of anthocyanins and proanthocyan- 
idins (PA) was investigated in a variety of legume species 
during tissue development in the seed, leaf, and flower. 
Table I summarizes the chemical data for proanthocyan- 
idins and the presence of leucocyanidin reductase (LCR) 
activity. Developing legume seeds synthesize and deposit 
PA in the testa cells without concomitant synthesis of 
anthocyanins, unlike barley seeds, which synthesize both 
compounds (Jende-Strid, 1993). Cytological analysis 
showed that anthocyanins and PAs did not appear to be 
synthesized within the same cell types in any of the tis- 
sues except in H. sulfurescens flower tissues. PAs and 
LCR could not be detected in alfalfa flowers or leaves, 
R. pseudacacia flowers, nor in L. japonicus leaves. The 
lack of PA and LCR in alfalfa leaves and flowers supports 
previous studies in which large numbers of different al- 
falfa varieties were screened, and no genotypes were 



Figs. 20-36. Tests for proanthocyanidins in leaves and flowers of Lotus uliginosus, Hedysarum sulfurescens, and Robinia pseudacacia. Lotus 
uliginosus. 20. Leaves, stage I: folded in bud (left), stage II: first completely open trifoliate close to bud (middle), stage III: trifoliate half way 
down the stem (right). Bar = 5 mm. 21. Stage I leaf tissue, adaxial surface proanthocyanidins stain red upon butanol-HCl treatment (without heat). 
Bar = 2.5 jim. 22. Staining with 1% vanillin-HCl of proanthocyanidin (PA) viewed from the adaxial surface of stage II leaf tissue. Bar - 2.5 |xm. 
23. PA staining in the abaxial surface of stage III tissue revealing a network of PA-containing cells. Bar = 2.5 jxm. 24. Flowers, stage I: green, 
unopened (left), stage n: yellow-green, partially opened (middle), stage III: fully opened standard petal but closed wing petals, bright yellow (right). 
Bar = 6 mm. 25. Butanol-HCl, heat-treated standard petal (stage II) displaying an orange three-dimensional PA-containing network. Bar = 1 jxm. 
Hedysarum sulfurescens. 26. Leaves, stage I: unfolded leaflets 0.2-1.5 cm long close to bud (left), stage II: fully open leaflets from middle of stem 
(middle), stage III: fully open, dark green, mature leaflet (right). Bar = 9.5 mm. 27. Stage II leaves (abaxial surface) containing a continuous red 
proanthocyanidin (PA) network is seen upon staining with butanol-HCl and heating. Bar — 1 u.m. 28. Mesophyll -like cells in stage II leaves (abaxial 
surface) staining red upon butanol-HCl and heat treatment. Bar = 2.5 u,m. 29. Same as 27, but stage III leaf and showing a compressed network. 
Bar = 1 |xm. 30. Flowers, stage I: unopened (left), stage II: half open (middle), stage III: mature (right). Bar = 2 mm. 31. PA stained by butanol- 
HC1 and heat in the middle section of a standard petal at stage II. Bar = 5 |xm. Robinia pseudacacia. 32. Leaves (stages left to right, top to bottom), 
stage I: brown-green buds <2 mm wide (left), stage II: distinct folded brown-green leaflets <0.5 cm long, stage III: folded leaflets 0.5-2.0 cm 
long, stage IV: shoot with half opened brown-green leaflets; bottom, stage V: completely open lighter green leaflets, stage VI: completely open 
dark-green leaflets from older part of stem. Bar = 18 mm. 33. Proanthocyanidins stained red by butanol-HCl (with heat) in a leaf at stage I. Bar 
= 2.5 u.m. 34. Butanol-HCl and heat treatment of a leaf at stage IV revealing proanthocyanidins (PA) in cells overlying leaf veins. Bar = 2.5 u,m. 
35. Same conditions as in Fig. 34, but adaxial leaf surface. Bar - 5 p.m. 36. At stage V, PA stained red by butanol-HCl and heat revealing a 
discontinuous network (abaxial surface). Bar = 5 u.m. 
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Table 1. Proanthocyanidin (PA) content, leucocyanidin reductase (LCR) activity, and location of PAs in aerial parts of legumes. ND ^ 
determined. 
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found expressing PAs in the leaves or flowers (Goplen et 
al., 1980; Marshall et aL, 1981). 

The PA content of alfalfa seeds rose during develop- 
ment and then declined slightly with increasing seed mass 
(Fig. 18A). This reduction is likely due to the early ces- 
sation in LCR activity, which was observed after the 
maximum PA content was reached and when the testa 
layer appeared completely filled. The importance of an 
LCR enzyme that uses the dihydroxyflavanol substrate, 
2,3-frans-3,4-cw-leucocyanidin, as a key step in alfalfa 
seed PA synthesis, is supported by a study in which the 
alfalfa seed PA polymer was found to be composed of 
mainly the dihydroxy subunit procyanidin (Koupai-Aby- 
azani et al., 1993b). While the PAs in developing seeds 
of the other legume species were all located in testa cells, 
LCR was not measured due to difficulty in isolating suf- 
ficient plant material for enzyme assays. 

PA content declined during development in all flowers 
accumulating these compounds. LCR activity also de- 
clined during L. japonicus and H. sulfurescens flower de- 
velopment, but remained constant in L. uliginosus flow- 
ers. This suggests that there may be degradation of the 
polymers during flower maturation, a situation similar to 
that of sainfoin leaf PA cells, which appear to empty their 
PA content during late maturity and senescence (Lees, 
Suttill, and Gruber, 1993). However, the high LCR activ- 
ity in L. uliginosus flowers indicates that PA synthesis is 
still proceeding in this plant, but at a lower rate than 
degradation. 

The high initial content of PA together with the low 
initial LCR activity in L. japonicus flowers could result 
from the presence of a second flavanol reductase enzyme, 
which would require different cofactors and substrate and 
which might be active at a different stage of flower de- 
velopment. This could also explain the rise in PA content 
and concurrent decline in LCR activity during maturation 
of L. uliginosus, H. sulfurescens, and R. pseudacacia 
leaves. This hypothesis is supported by the fact that mature 
leaf PA isolated from all three of these species is mainly 
composed of trihydroxy subunits, which are derived from 
(+)-gallocatechin, (— )-epigallocatechin, and cis-leucodel- 
phinidin (A. Muir, personal communication, Agriculture 
Canada, Saskatoon). Parallel investigations on Onobrychis 



viciifolia, a plant related to H. sulfurescens with two sinpi 
ilar unique types of leaf PA cell structure, revealed that 9 
the PA composition changes toward a greater proportion ^ 
of trihydroxy subunits during leaf development (Koupai- 
Abyazani et al., 1993a). In addition, PAs were shown toS! 
accumulate differentially in each of these cell types during > 
leaf development (Lees, Suttill, and Gruber, 1993). LCR k 
and a trihydroxyflavanol reductase activity also peak dif- v 
ferentially during leaf development (B. Skadhauge, un^? 
published data). 

It remains unclear whether different PA polymers and 
different reductases are uniquely compartmentalized in 
the specialized PA cell types noted in O. viciifolia, H. 
sulfurescens, and R. pseudacacia leaflets. This would be 
relatively easy to determine, since the network layer of f; 
PA cells can be stripped off with the abaxial epidermis 
in both mature O. viciifolia and H. sulfurescens leaves. 
The differences in PA content and LCR activity between 
L. uliginosus flower and leaf tissues may also reflect the £ 
appearance of new large mesophyll cells and a PA net- • 
work at late stages of leaf maturation, whereas the struc- 
ture of the flower PA cells remained more constant during 
development. 

L. uliginosus leaf extracts had the highest continuous 
LCR activity during tissue development of all the leg- 
umes tested. H. sulfurescens leaves and flowers, L. uli- 
ginosus flowers, R. pseudacacia leaves and alfalfa seeds 
only contained active enzyme at young stages of devel- 
opment. As sources of plant material for enzyme isola- 
tion, the following disadvantages should be mentioned: 
H. sulfurescens produces only a small number of leaves 
and flowers at any time, R. pseudacacia is a tree legume 
with progressively thickening leaves, making it difficult 
to harvest enough developing tissue, and young alfalfa 
seeds are difficult to dissect. Since L. uliginosus is a pe- 
rennial forage legume and large amounts of fresh leaves 
can be harvested routinely from greenhouse or field- 
grown material, it may be an ideal plant from which to 
purify LCR to homogeneity. 

PAs and LCR activity could not be detected in L ja- 
ponicus leaves, although large amounts of PA accumu- 
lated in the flowers. L. japonicus is a diploid, self-polli- 
nating plant, which is transformable using Agrobacterium 
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tumefaciens (Handberg and Stougard, 1992), and a trans- 
poson tagging system has recently been described for this 
plant (Thykjaer et aL, 1995). These features, including 
some rapid PA-screening techniques and the fact that 
many of the Lotus species do synthesize leaf PAs, make 
I. japonicus a suitable plant species for the isolation of 
transposon mutants. With such aid, it should be feasible 
to isolate DNA sequences encoding legume structural and 
regulatory genes for PA biosynthesis. 
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CONDENSED TANNINS IN SOME FORAGE LEGUMES: 
THEIR ROLE IN THE PREVENTION OF RUMINANT 
PASTURE BLOAT 

Garry L. Lees 

Research Station, Agriculture Canada 
107 Science Place 
Saskatoon, Saskatchewan 
Canada S7J 0X2 

ABSTRACT 

For the past 20 years, the focus in our laboratory has been on finding 
the causes of ruminant pasture bloat and eventually breeding a bloat- 
safe alfalfa (Medicago saliva L.); i.e., with bloat potential reduced to the 
economic threshold. In the mid-seventies, the mechanisms of bloat were 
explored and found to be more physical than chemical. Characteristic 
of all bloating legumes after ingestion was a very rapid initial rate of 
ingestion by rumen microbes. Through the study of bloating and non- 
bloating legumes, factors were elucidated in the plant that would slow 
this process. One of these factors was the presence of condensed tan- 
nins in the herbage. Some of the non-bloating legumes contained these 
secondary metabolites, but no condensed tannins were found in any 
of the bloating legumes. Therefore, species containing an appreciable 
amount of condensed tannins in their leaves and stems are considered 
to be non-bloating. Conventional breeding methods have not been suc- 
cessful in producing an alfalfa with condensed tannins in its herbage. 
New approaches using tissue culture techniques are being attempted, 
but genetic engineering has the greatest potential for success. 

INTRODUCTION 

Pasture bloat is a condition that may occur when cattle feed on certain legumi- 
nous plants, or even some graminaceous, crops at the right stage of development. 
Bloat can commence quickly and is manifested in the inability of the animal to 
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and known as a disorder in cattle for cent ^ rl ^T" * ^ A D 6Ql 
creased however, with the introduction 7forZ\ ° f b, ° at has 

into cultivated pastures.* In the history * g T™ SUch 35 alfalf a and clover 

Pany, and blown have appeared it eZI ' DameS "* We > hoven, tym! 
to describe the disordered t h S ^ 18th ^ 19th 

of ballooning, is still used.' In the pZ ^l^ T^ ' the pr °cess 

have been cited including blocka-Haus^? ? ^ f ° r a <bel W of gas' 
poisons, and excessive gaf production 7 ^ COnsum P^n of dense feed 

the 1960's was based J i^TSL exST^ ^ from the 19 ^s to 
debate that the frothy or foamy bsZof^^' ^ » W3S af ter much 
many other theories : acceptance rented n T aCCepted OVer 

further discarded the involvement of n^e 1 S an ^ ^ effort that 
bemg d ir ectly responsible for the onset of hi T T™? md S ° Iuble P tote ™ 4 as 
fact that the presence of tannins (for he purl fTv * beCWne an acc *Pted 
condensed tannin) in the herbage al? ^ PapCr ' tannin ^ to 
f^T^ Alfalfa 
the 'queen' of the forage crops. Its one mafor dral v ^ *** ^ been Ca,Ied 
in cattle through very rapid tissue and ce i b^d ^ ^ * ^ induCe bIoat 
digestmn. Legumes such as sainfoi^^! " dU " nS the earl y ^ages of 

trefoil (Z 0 ^ CO rW aias L.) wn ^co^Tan " ^ and bir ^oot 

be non-bloating. No tannins ha .been ZTlZfV^ ™ known to 

are present in the seed coat. This paper wdl nr A u ****** a,thou S h tannins 
pasture bloat, examine the tannins foundTn o 1 * bnef desc ri P tion of ruminant 
to the bloat-safe character, an dicrib a « ! disCUSS their relationship 

alfalfa herbage through tissue culture ^ t0 the tan ™ content £ 

PASTURE BLOAT 

^^^^ZT^ disease.^ It remains a conti, 
speed of onsets Bloat can occm sudd X ZvT* "j* ******** and 
ous mcdence of the condition result,^ in « T * ^ there Was «° Pl- 
anners or ranchers (fig. 1). The pro S * CgS? T" 1 ,OSSes to individual 
for usm g hl g h]y nutritious legumes such J Jfo T ' deterrent 

osses due to bloat in the beef cattle and ft f doVW ,n pasture ' Randal 
United States and Canada, losses due Fc^£T* SUbstantiaL In 
1 Percent of the animals grazing Cumen* d f ths accou "t for approximately 
$180,000,000 and $45,000,000 res^ediroly^B^^QQj.iT 1 >»* — tary losses of 
In New Zealand, where bloat most fremw P " " PCrS0naI communication) 

of the herds in a district may ex p ^ 3£ e bloatTd"^ ^ " P 4 ° 90 p — t 
may exceed 15 percent.' The cost due to a ntal 7 ^ * a ° individua l herd 
These figures do not take into ,ccoZt2Ta^ " to Canada 's- 

tion mcurred from the cessation of t^tln^ 'Tf ' gain ° T mi,k P"*"* 
appear, nor do they reflect the cost o ' c ose IZT ** Sympt ° ms of b,oa t 

close animal management or direct preven- 
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Figure 1. A victim of ruminant pasture bloat. This animal died from ingest- 
ing the alfalfa in the background. Note the distension or bloated appearance. 

tative measures taken to reduce the risk of bloat, particularly in a dairy situation. 
The fear of bloat also reduces the utilization of nitrogen-fixing legumes as pasture 
forages thereby increasing input costs for nitrogen fertilizers. 

WHAT IS BLOAT? 

Ruminant animals have the ability to digest large amounts of fibrous plant feed- 
stuffs. To accomplish this, they carry an active population of bacteria, fungi, and 
protozoa in the forestomach of their digestive system. During digestion, these mi- 
croorganisms produce large amounts of gas (12-27 L/min in steers fed fresh alfalfa 1 ) , 
which will rise and separate from the mass of solid/liquid ingesta forming a free 
gas pocket at the top of the rumen (fig. 2). The continued expansion of this area 
initiates an eructation (belching) mechanism allowing expulsion of the gas through 
the esophagus. In normal animals, eructation occurs about once every minute, a 
rate sufficient to expel the large volumes of gas produced. Pasture bloat is charac- 
terized as a frothy bloat; i.e., the partially digested feedstuffs form a frothy complex 
that traps newly produced gas in very small bubbles throughout the entire rumen. 
As more gas is produced, the froth continues to expand, eventually blocking off 
the opening to the esophagus such that eructation cannot take place. An animal 
is considered to be bloating when the eructation mechanism is impaired or inhib- 
ited and the rate of gas production exceeds the animal's ability to expel the gas. 1 
Such is the case when the esophagus is blocked by the frothy contents, and since 
large volumes of gas are produced in the rumen, the onset of bloat can occur very 
quickly. The outward signs of bloat in a cow include a noticeable outward dis- 
tension of the flank beginning on the left and eventually progressing to both sides 
(fig. 3). As the condition worsens, breathing becomes labored and urination occurs 
more frequently. In acute bloat, the animal may fall and succumb to asphyxiation 
due to the pressures of the rumen on the diaphragm and lungs. Pressures within the 
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Figure 2. Diagram of the rumen or first stomach of a cow. The pocket of 
gas is partially emptied when rumen movements cause it to come into contact 
with the esophagus opening. 

rumen can be very high. Removing the 6-inch diameter cap from the fistula (an 
artificial opening allowing access to the rumen from the side of the animal) of a 
bloating animal allows the soupy contents of the rumen to be ejected a distance of 
8 to 10 feet (fig. 4). 

ATTEMPTS TO CONTROL BLOAT 

There is a high risk of bloat from pastures dominated by immature, fast- 
growing legumes including alfalfa and most forage clovers. 7,9 Bloat may be at least 




Figure 3. Cow with a moderate to severe case of bloat. Note the distension 
occurring on both flanks, especially on the left. 
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Figure 4. Rumen contents under pressure being ejected from a cow after the 
opening to the fistula had been removed. 

partially controlled through pasture management or the administration of anti- 
foaming agents. 7,9 Both attempt to minimize the chance of froth formation in the 
rumen. In pasture management, it would appear that controlling bloat and retain- 
ing the high nutrition offered by forage legumes could best be accomplished with 
non-bloating species. The bloat-safe legume forages available for pasture, how- 
ever, may not be agronomically suitable for the region. Other methods of pasture 
management include: seeding pastures to legumergrass mixes, feeding animals to 
satiety on coarse roughage before pasturing, and supplemental feeding of a coarse, 
dry roughage. These measures attempt to reduce the proportion of bloat-causing 
plant material ingested to a safe level. While effective, such methods are no guar- 
antee of bloat safety and are in some cases impractical since they require close 
management, a luxury that beef producers with cattle ranging over a large area do 
not have. 

Anti-foaming agents are natural (vegetable or mineral oils, animal fats) or syn- 
thetic (pluronic-type detergents) surfactants that prevent the formation of froth 
in the rumen by lowering the surface tension of the foam bubbles and releasing 
the gas. 10 Treatments can last 12 hours or more, but to be effective, anti-foaming 
agents must be ingested by the animal. Methods used are: addition of these agents 
to feed, drinking water, or salt blocks, spraying fields to be grazed, and drench- 
ing animals causing them to lick the agent from their flanks. Such procedures are 
costly, labor-intensive, and necessitate adherence to a stringent management and 
monitoring system, making them useful only to well-controlled dairy herds. 

TANNINS AND THE ETIOLOGY OF BLOAT 

The currently accepted theory suggests that bloat is primarily caused by the 
rapid cell rupture and initial rates of digestion of ingested herbage from some 
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legumes 11 and grasses. 12 This theory was derived from comparisons made be- 
tween bloat-causing and bloat-safe legumes. It was found that the combined ef- 
fect of mechanical damage (chewing) and the rapid, early stages of rumen digestion 
caused greater leaf tissue disruption and mesophyll cell- wall rupture in bloat-causing 
legumes. 11,13 Both mechanisms contribute to bloat by allowing the rapid release of 
soluble leaf proteins, the principal substances responsible for the frothy nature of 
the rumen contents found in a bloating situation. 14 Factors identified as being re- 
sponsible for the bloat-safe nature of the non-bloating legumes tested included: 
morphological characters such as leaf structure and venation patterns; 15 epidermal 
and mesophyll cell wall strength 16 and thickness; 17 and the presence of tannins in 
the herbage. 5 * 9,18 

Two non-bloating legumes, sainfoin and birdsfoot trefoil, contain tannins in their 
leaves. The astringent or protein-precipitating property of tannin prevents bloat 
by inhibiting cell wall-degrading enzymes secreted by the rumen bacteria 19,20 and 
rendering soluble protein in the plant cytosol immediately unavailable. 7 ' 9 The cell 
rupture theory implies that retardation of the mechanical and digestive processes 
that promote the initial burst of cell wall rupture should inhibit the onset of bloat 
by making the undigested intracellular proteins unavailable for the formation of 
froth. Tannins by their astringency action render plants bloat-safe. 



TANNINS AS A CONTROL FOR BLOAT 

The bloat-safe properties of tannins were first recognized by Kendall 5 during 
experiments in which plant extracts from bloating and non-bloating legumes were 
mixed with a solvent at rumen pH and agitated in a mixer to generate a foam or 
froth. Extracts from the non-bloating legumes contained about 10 percent (dry 
wt) tannin and produced substantially less foam than the bloating legumes, which 
contained virtually no tannin. Foam volume in the bloating legumes was eliminated 
by adding commercial tannin to the extract but greatly increased when polyvinyl 
pyrrolidone (K-30), a compound that preferentially binds tannins 21 , was added to 
extracts from non-bloating legumes. The inference from this study was that tannins 
inhibit foam production in the rumen. Kendall's work was corroborated in New 
Zealand where workers determined that tannins acted as protein precipitants. 22 ' 23 
As a further step, the same group conducted cattle feeding experiments using sain- 
foin whose herbage contained 1 to 1.5 percent of the dry matter as tannins, and 
red clover (Trifolium pratense L.) with no tannins. Bloat occurred only in those 
animals receiving red clover, and froth was not observed in the rumens of animals 
on a sainfoin diet. 22 In a more recent study, bloat occurred when cows were fed 
a diet of alfalfa without the addition of small percentages of dock (Rumex obtusi- 
folius L.), a member of the buckwheat family. Alfalfa diets containing dock did not 
cause the cattle to bloat. 24 Dock has tannins in its herbage, and the amount fed to 
the cattle contained sufficient amounts of the secondary metabolite to precipitate 
both the dock and the alfalfa leaf proteins rendering the mixture of the two feeds 
bloat-safe. 
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TANNINS AND NUTRITIVE VALUE 

Tannins are widely distributed in nature and are the fourth most abundant plant 
constituent following cellulose, hemicellulose, and lignin. 25 They don't seem to have 
a purely physiological function 26 but have been shown to influence growth, develop- 
ment, and reproduction of higher plants by interacting with auxin and gibber ellic 
acid. 25 ' 27 A study using high- and low-tannin strains in tissue culture showed that 
callus growth was greater from explants taken from the high-tannin strain. 20 It has 
been surmised that tannins constitute a unique quantitative defense against preda- 
tors by rendering many plants repellent and unacceptable as food sources and by 
decreasing the dietary value of some forage crops. 26 Where some forage crops are 
concerned, tannins have been labelled as anti-nutritive. It has been suggested and 
attempts have been made to improve digestibility and palatability by reducing the 
tannin content in forages such as Sericea lespedeza 2 * where tannins are responsible 
for the unavailability of plant crude protein, 29 ' 30 and for low palatability in grains 
such as sorghum. 26 However, all tannins in herbaceous legumes are not alike. A 
study by Sarkar and others 31 examined six tannin-containing forage legume species 
and found that upon analysis of the tannins, the acid degradation products varied. 
A procyanidin was present in Lespedeza cuneata Don., an accession of Sericea, and 
crownvetch (Coronilla varia L.), both reputed to have low nutritive values, but was 
not detected in sainfoin or birdsfoot trefoil, forages considered to be palatable and 
not anti-nutritive. Further, the tannins in some species actually enhance nutrition 
in ruminants. Much protein from highly-digestible feed is lost by microbial degra- 
dation and subsequent absorption as ammonia in the rumen. In viiro and in vivo 
studies have shown that some plant tannins, if not in excess, reduce the amount 
of ammonia produced and make the tanned proteins available for enzymatic di- 
gestion beyond the rumen, improving the efficiency of protein utilization. 22 This 
is only possible if a stable tannin-protein complex is formed that does not affect 
the metabolism of microorganisms and does not interfere with subsequent enzymic 
digestion of protein in the lower gut. The tannins present in sainfoin appear to 
fulfill these requirements. 32 ' 33 

TANNINS IN SAINFOIN 

Sainfoin is a non-bloating perennial forage legume used for pasture and hay, but 
it is short-lived, intolerant of grazing, and generally less hardy than alfalfa. 1 From 
the pasture bloat aspect, the main interests in sainfoin lie in the bloat-inhibiting 
nature as well as the palatability and lack of anti-nutritive features of this legume. 
For a better understanding the relationship between bloat and tannins, the tannins 
inherent in the various species should be studied. A literature review revealed 
that there has not been a plethora of research carried out on the tannins found 
in sainfoin. This secondary metabolite was first noted in sainfoin leaves by bloat 
researchers in the early 1970's 34 Sarkar and Howarth carried out a more in-depth 
study on the nature of the tannins in sainfoin and found that the leaves and stems 
contained catechin and epicatechin monomers and polymers whose acid degradation 
products were cyanidin and delphinidin 31 Also, 10 species of Onobrychis including 
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sainfoin were examined for the presence of tannins with the vanillin-HCl spot test. 
All tested positive, and sainfoin was found to contain tannins in its leaves, flower 
v petals, and seed coat. 35 Since then, many minor, unpublished studies have been 
carried out on the qualitative and quantitative presence of tannins in sainfoin organs 
and tissues, a number of which will be reported here. 

DETECTION OF TANNINS 

The vanillin-HCl method has been widely accepted for the detection of tan- 
nins in forage crops and other agricultural products 36 » 37 and more recently as a 
histochemical stain for taxonomic and physiological studies. 38 The reaction taking 
place in this method is the protonation of vanillin in acid solution, giving a weak 
electrophilic radical that reacts with the flavonoid ring of the proanthocyanidin 
monomer at the 6 or 8 position. This intermediate compound is dehydrated to 
give a red-colored chromophore. 39 The specificity of this test was questioned by 
Sarkar and Howarth 40 who found the vanillin reaction to be not completely specific 
for flavanols. Since anthocyanins will show a false positive reaction, they modified 
the procedure by using a reagent including methanol or ethanol with acid, but no 
vanillin, as a control stain to avoid a false interpretation when anthocyanins are 
present. This was later corroborated by Price and others. 41 

All qualitative and quantitative studies in our laboratory used the vanillin-HCl 
assay with the control stain or blank. For histological detection and identification 
of tannins, the reagent used was made up of 2 volumes of 10 percent vanillin in 
ethanol and 1 volume of concentrated HC1. The control solution contained the same 
proportions of ethanol and HC1, but minus the vanillin. 40 The vanillin stain and 
the control were originally applied separately to identical tissues to guard against 
a false positive test from anthocyanins. Later, it was found that the control stain 
applied to tissues could, after a suitable waiting period for any color development, 
be replaced by the vanillin solution. Any tannins in that same tissue produced a 
characteristic cherry-red color. With this method, the presence of anthocyanins 
could easily be differentiated both spatially and through color differences since 
they produced a darker red color (fig. 5). To survey large numbers of plants for 
the presence of tannins, the spot test 40 was used. New, fully developed leaves from 
the apex of the plant were crushed by a hammer between two layers of Whatman 
No. 3 chromatography paper. The vanillin solution was applied to the imprint 
of plant sap on one layer of paper and the control solution to the other to avoid 
the possibility of a false positive reaction. This method proved to be effective 
and time-saving. A number of staining methods have been tried to histologically 
identify tannin-filled cells, but the vanillin-HCl stain has been the most useful for 
the qualitative work. Other staining methods include: Safranin red and fast green; 
glutaraldehyde; glutaraldehyde and toluidine blue O; osmium tetroxide (Os0 4 ); 
Os0 4 and sudan black 0; and Os0 4 and safranin red. 

The quantitative assay for tannins was modified from Burns. 36 Either fresh or 
freeze-dried tissue was used although the former was preferred with some species 
because of noticeable discoloration of the extract and a reduction in assay values 
after freeze-drying. Tissue was ground in 1 percent HC1 in methanol on ice using 
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Figure 5. Sainfoin embryos derived from tissue culture and stained with 
the control solution (a), followed by application with the vanillin stain (b). 
The dark areas on the vanillin-stained embryo are tannin-filled cells (X3.3). 
Photographs reduced 80 percent. 

a homogenizing mixer, extracted for 3 hours at 4 °C, centrifuged, and decanted. The 
assay 42 used control and reagent blanks with a catechin standard. Quantitatively, 
sainfoin leaves contain about 4 to 5 percent tannin on a dry weight basis, using the 
vanillin-HCl assay with catechin as a standard (our results, unpublished). Other 
studies using sainfoin have found the tannin content to be 1.5 percent 22 and 6 
percent. 33 The amount of tannin is not constant throughout the herbage in the 
sainfoin plant. The pinnately compound leaf has a tannin content that increases 
within the individual leaflets as one proceeds along the rachis toward the leaf tip 
(unpublished results). No tannins have been detected in the roots, but they have 
been found in the flower petals and seed coat. 36 Studies in our laboratory show that 
most of the tannin in sainfoin is located in the leaf tissue. Viewing the sainfoin 
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leaf from the adaxial surface reveals a large number of microscopic clear areas that 
appear to extend through the leaf (fig. 6). These are the tannin sacs or vacuoles, 
which begin in the adaxial subepidermal layer, extend through the pallisade cells 
and into the spongy mesophyll tissue. When applying the vanillin-HCl stain to 
fresh sainfoin leaf cross-sections, the cells containing tannins appear quite striking 
in their vivid cherry-red coloration (fig. 7a), although they are somewhat enlarged 
when compared to those seen in unstained fresh cross sections or sections fixed with 
glutaraldehyde (fig. 7b). The same cross section reveals a subepidermal layer at 
the abaxial leaf surface that also stains positive with the vanillin-HCl stain. When 
the abaxial epidermis is removed and stained, the outline of a meshlike network of 
red-colored cells appears on the inner surface of the epidermis (fig. 8). Sainfoin 
stems in cross-section show tannins to be located in the subepidermal cells almost 
as a continuous layer around the periphery of the stem, dispersed among the large 
ground parenchyma cells located in the interfascicular regions between the vascular 
bundles, and in cells among the xylem tissue within the vascular bundles. The 
amount of tannin present in the flower was much reduced relative to that found 
in the leaf and stem tissure, however, tannin-filled cells were seen at the base of 
the sepals, ovary, and petals, along the interlocking zone of the keel petals, in the 
proximity of the petal veins, and within the anthers. 

ONTOGENY OF TANNINS IN SAINFOIN 

Using the vanillin-HCl spot test, tannins in sainfoin have been detected as early 
as 1 to 4 days after germination in the stems above the cotyledons and in the first 
and second true leaves. 42 To further examine tannin formation in sainfoin seedlings, 
shoot apices were fixed with glutaraldehyde and Os0 4 , dehydrated with acetone, 
and embedded in an epon-araldite epoxy. This preparation allowed samples to 




Figure 6. Sainfoin leaf viewed from the abaxial surface showing the numerous 
tannin sacs as clear areas (X20). Photograph reduced 80 percent. 
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Figure 8. Abaxial epidermis removed from a sainfoin leaf and stained with 
the vanillin-HCl stain showing the network of tannin-staining cells (X40). Pho- 
tograph reduced 80 percent, 

there was a subepidermal layer in the adjacent leaf primordia with small elec- 
tron dense particles in the cells that gave a hint of the earliest tannin formation. 
Light and electron micrographs of emerging leaves show tannins appearing on in- 
ner vacuolar surfaces of subepidermal cells in the abaxial surface of emerging leaves 
(fig. 9). No tannins were forming near the adaxial surface at this point, although 
they became evident as the leaves developed further. If tannins are a defensive 
mechanism, their initial presence in the abaxial cell layer might be expected since 
it affords protection to the exposed portion of the new folded leaflet. As the leaf 




Figure 9. Cross-section of the abaxial surface of a newly emerging folded 
sainfoin leaf stained with osmium and safranin red (see text). The dark areas 
in the cell vacuoles are tannins (X400). Photograph reduced 80 percent. 
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develops and matures, the tannin content increases. As previously reported elec- 
tron micrographs show tannin formation occurrmg mainly at the periphery of the 
vacuoTeS- 45 46 particularly in the early stages (fig. 10a). Numerous electron- 
dTse particles were scattered throughout the vacuole and along the edges of the 
condensed tannin formations but, unlike the earlier observations,^ H n ot 
discern tannins associated with the rough endoplasrmc reticulum m the cytoplasm. 
The re were, however, membranous vesicles containing particulate matter located 
I helarg vacuole (fig. 10b). It would appear as though the electron-dense 




Figure 10. Electron micrograph of a newly emerging folded samfoin leaf (a 
fhowTng he tannin-containing subepidermal cells (black areas at the adaxjal 
surface (X3.3K) and (b) membranous vesicles with osmium-stamed particles 
in the vacuole (X10.5K). Photographs reduced 80 percent. 
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particulate matter in the vacuole is migrating to the tonoplast, or wherever tannin 
is forming, and enlarging the tannin mass. Mature leaves have tannin-filled cells in 
both subepidermal layers (fig. 11). 



TANNINS IN BIRDSFOOT TREFOIL 

Birdsfoot trefoil is a perennial, non-bloating legume used for pasture, hay, and 
silage. It is not agronomically well suited for dryland cultivation in the prairies. 
As in sainfoin, birdsfoot trefoil contains tannins in the leaf and stem tissue 47 but 
in lesser and more variable amounts. The sample we assayed had less than 1 
percent of the dry weight as tannin. Others have found a range from 0.2 to 3.0 
percent. 33 Leaf cross-sections show the tannins located in specific cells sporadically 
located throughout the mesophyll. Unlike sainfoin, there is no definite pattern of 
subepidermal cells or regularly arranged sacs, and when viewed from the adaxial 
surface, the tannin-filled cells are sometimes grouped in small clusters near the 
midrib. Tannins appear in trefoil seedlings from 4 to 20 days after germination, 42 
about the time the first true leaves are forming. The variability of tannin content 
in this legume allowed the breeding of high and low tannin strains. The formation 
of tannins in birdsfoot trefoil appears to be controlled by a single dominant gene. 42 

TISSUE CULTURE TECHNIQUES TO INCREASE TANNIN IN 
ALFALFA HERBAGE 

Alfalfa is known as the 'queen of the forage crops.' It enjoys worldwide adap- 
tation and is regarded as one of the most nutritious forage legumes. Alfalfa is also 
known to have a high bloat potential that precludes its extensive use as a pas- 
ture crop. There are no apparent tannins in alfalfa leaves, stems, roots, or flowers. 
However, in all plants tested, the seeds contain tannin in the palisade cell layer of the 




Figure 11. Electron micrograph of a mature sainfoin leaf showing a large 
tannin sac near the adaxial epidermis (X3.3K). Photograph reduced 80 per- 
cent. 
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testa. 40 The purpose of tannins in plant seed coats has been previously described. 48 
The presence of tannins in one part of the plant would imply that the genetic 
information for tannin production is prevalent throughout the remainder. In other 
legume species, tannin synthesis appears to be controlled by one or two dominant 

genes. 37 ' 42 ' 49 ' 50 

In anticipation of finding a leaf tannin-containing mutant, over 35,000 plants 
from 28 Medicago perennial and annual species were tested with the vanillin-HCl 
spot test. These plants were normal, mutagen-treated, tetraploid, and diploid. No 
tannins were found in the herbage of any of the plants tested. 40 ' 51 The futility of 
this approach caused researchers to search for other methods of procuring an al- 
falfa plant with leaf tannins. Tissue culture offered protocols, such as somaclonal 
variation, which could take advantage of alfalfa's inherent potential to produce leaf 
tannins. Somaclonal variation is a phenomenon discovered particularly in callus 
and suspension culture whereby not all regenerated plants are clones of the par- 
ent as was originally perceived. It can be defined as genetic variability generated 
during tissue culture. 52 This variability is more frequent in culture than in nature, 
an observation borne out by studies in our laboratory whereby hundreds of red 
clover plants were regenerated through callus and suspension, revealing numerous 
morphological changes and chromosomal number aberrations. 

With this in mind, a long-term program was designed to regenerate alfalfa plants 
from explant tissue through a 4-8 week callus phase. Alfalfa cotyledons from sterile 
seedlings were cut in two and plated in 55 mm diameter petri dishes containing B5Q, 
a modified B5 (Gamborg) agar medium 53 with 3.96 g/L ammonium citrate in place 
of the ammonium sulphate, 1.0 mg/L 2,4-D (2,4-dichlorophenoxyacetic acid) and 
0.5 mg/L kinetin (6-furfurylaminopurine). The plates were incubated at 25 °C 
under a 16/8 day/night photoperiod with 20-30 microEinsteins m~ 2 s~ 2 fluorescent 
lighting. After 4 weeks, any embryos that had developed were transferred to MS-k, 
a modified MS (Murishige and Skoog 54 ) medium containing 0.1 mg/L kinetin. The 
remaining callus was transferred to fresh B5Q. If callus failed to produce embryos 
after four subcultures (4 months), it was discarded. The embryos are left on MS- 
k for 2 to 4 weeks, then transferred to MS-0 (hormoneless MS) for shoot and 
root development. When plants outgrew the petri dish, they were transferred to 
tall, plastic containers containing SHe, a modified SH (Shenk and Hildebrandt) 
medium 55 that contained 1/3 the amount of sucrose. After a month of growth, 
the young plants were tested for tannins using the vanillin-HCl spot test. During 
a 2-year period, over 300 regenerated alfalfa plants were tested before obtaining 
positive results. There are now 10 lines that have tested positive for elevated 
levels of tannin in their leaves while in culture. Tannin induction appears to be 
environmentally controlled, since removal of the plants from the culture situation 
causes a disappearance of the tannins in new growth, whereas, reintroduction to 
culture conditions reinstates the elevated tannin levels. More lines are being sought 
to build up a population that may be crossed using conventional techniques in an 
effort to increase the leaf tannin content. 

It was mentioned earlier that there are different types of tannins. All that is 
known about the tannin in alfalfa is that there is a cell layer in the seed coat that 
stains positive for tannins with the vanillin-HCl test (fig, 12), and the residue from 
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the seed coat tannin is cyanidin. By contrast, the residue from both the leaf and 
seed coat tannin in sainfoin, a palatable, nutritious legume, is delphinidin. We do 
not know whether this difference has any relationship to palatability or nutrition, 
but it is possible that if leaf tannins in alfalfa are increased sufficiently to prevent 
bloat, they may be totally unsuitable in terms of these plant quality factors. Studies 
are now underway to elucidate the physical and chemical nature of tannin found in 
alfalfa seed coats and leaf tissue. 

IMPLICATIONS OF TANNINS IN ALFALFA 

The availability of palatable, nutritive tannins in alfalfa herbage would be of 
benefit worldwide. Freedom from the fear of bloat would allow maximum utilization 
of one of the most highly adapted, drought-resistant pasture forage crops. Pastures 
planted with solid stands of the long-lived perennial would have twice the carrying 
capacity for livestock because of its high nutritional value. The latter would be 
enhanced through the mechanism of tannin-associated rumen bypass. An added 
benefit is the legume's nitrogen-fixing capability, allowing a lower input cost to 
maintain the alfalfa stand and subsequent crops in the same field and increasing 
soil tilth and fertility when used as a green manure crop. 

Obtaining a variety of alfalfa with a bloat-safe character due to the presence of 
tannins has been questioned. The variety would be limited in its usefulness unless 
the tannin trait can be easily transferred through conventional crossing methods. 
This could most easily be accomplished if the tannin metabolic pathway is in the 
plant, and its regulation is controlled by one or two dominant regulatory genes. 
Colvin 56 has raised the question of adaptation. Research with deer browsing high- 
tannin leaves and twigs has shown that rapid digestion is possible because of a high 
concentration of proline- rich, tannin-precipating protein in their saliva. 57 Would a 
constant exposure to tannin over a long period of time induce the secretion of a 
tannin-complexing salivary protein that would negate the effect of tannin on bloat? 
These and likely many other questions can only be answered when an alfalfa plant 
containing tannins in its herbage is produced. 

In an in-depth review, Schultz 58 has pointed out that on insect herbivores, tan- 
nins have diverse effects ranging from inhibitory to stimulatory. Tannins have been 
shown to be effective inhibitors of some insect predators that do not normally feed 
on tannin-containing tissues. The proposed mechanisms, including astringency, 
however, are many and still speculative. There is one analogy that may be worthy 
of note. Earlier studies equated plant proanthocyanidins with Moodiness' in plants, 
hinting at a relationship between proanthocyanidin metabolism and lignification, 
with a possible structural role for tannins. 26 As the growing season progresses, 
insect predation in oak leaves declines with a concomitant increase in proantho- 
cyanidin formation and leaf toughness. Studies show that sainfoin leaves withstand 
mechanical damage to a greater degree than alfalfa 16 and are immune to the alfalfa 
weevil Hypera posiica Gyllenhal, a serious pest of alfalfa. 59 With tannins possibly 
playing a role in this defense, their inclusion in alfalfa leaves could bring about an 
added benefit of resistance to an insect considered to be a major problem in alfalfa 
crops. 
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Figure 12. Transverse section of an alfalfa seed (a) ^ stained with vanillin- 
HC1 showing tannins in the seed coat (dark area, X16) (b) test ^ e ™° 
Li the seed showing the dark pallisade cell layer conta.mng tanmn (X82). 
Photographs reduced 80 percent. 

CONCLUSIONS 
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on gene transfer can be initiated, much basic research is required to trace metabolic 
pathways and identify enzyme systems since little is known biochemically in either 
of these legumes. An extensive investigation will be required to find the gene(s) 
responsible for tannin production in sainfoin. There are many different types of 
tannins present in plant species, but little is known of their biological significance. 
An alfalfa plant with tannins in its leaves and stems would likely be bloat-safe, 3 ' 37 
but this observation is derived from inference and comparisons with other bloat- 
safe species. Much information is needed on the chemical structure and biochemical 
activity of tannins in sainfoin herbage and alfalfa seed coats. Concomitantly, the 
tannins present in other legumes, especially anti-nutritive species such as lespedeza, 
should be characterized to compare them with sainfoin tannins and perhaps identify 
those differences responsible for their non-nutritive nature. 
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Composition and content of polyphenols of lucerne leaf and stalk were investi- 
gated during growth depending on the time of season at one growth stage. 

(+)-Gallocatechin, (-)-epigallocatechin gallate, (-)-epigallocatechin, (-)-epi- 
catechin, (-)-gallocatechin gallate, gallic acid, gallotannin and shikimic acid were 
estimated by qualitative chromatographic analyses on Whatman Chromedia paper 
SG-81. The content of some polyphenol groups was determined by quantitative 
analyses and amounts were found of 0.06 to 0.50%, gallic acid; 1.10 to 2.36%, 
gallotannins; 0.31 to 1.10%, catechins in the dry matter of lucerne depending 
upon growth stage and cuts. Polyphenoloxidase activity from 7.80 to 18.70 units 
was established in the investigated samples. 



1. Introduction 

The most frequently investigated polyphenols do not include substances containing 
nitrogen or triterpenoids, such as saponins and steroids, but they are the compounds 
that exist in nature and have the physiological influence due to their phenolic nature. 
. This phenolic nature of the polyphenolic compounds is the factor conditioning toxicity. 
According to Cruickshank and Perrin, 1 Goodman, Kiraly and Zaitlin, 2 Herrmann 3 
and Kuc 4 resistance of some plant varieties to certain diseases or pathogenic organisms 
depends on the content of natural tannins or their polyphenols in them. 

According to Tamir and Alumot 5 tannins isolated from green carob beans had a 
significant inhibitory effect on the digestive enzymes trypsin, lipase and a-amylase. 

Owing to their characteristics of coprecipitation with proteins, tannins diminish the 
biological value of the consumed food proteins in the intestinal tract. Protein and tannin 
interaction depends upon the conditions of forming hydrogen bonds between hydroxyl 
groups of polyphenols and tannins and the carbonyl groups of peptide bonds of pro- 
teins. 6 Covalent and ionic bonds can also be formed by theprotein-polyphenol reaction 
but such a reaction is far less probable. 

Because of the nature of tannins and the considerable amounts present in lucerne 
(about 3%), as well as the influence they have on animal nutrition, the aim of these 
investigations was to establish both the quantity and the composition of tannic sub- 
stances in lucerne. 

76 H51 
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2. Experimental 

2.1. Material 

Medicago saliva L. Panonia cultivar, the second cutting in three growth stages (20, 40 
and 60 cm in height) and one growth stage (50 cm in height) by cuts within one growing 
season, was used as the experimental material. 

Samples in duplicate were taken immediately after harvesting. The leaves were 
separated from the stalk and the weight ratio was determined on the basis of dry 
matter. The duplicate sample was prepared for analysis of the polyphenol substances. 

2.2. Extraction 

Homogeneous fresh plant material was weighed (approx. 15 g), macerated under 
nitrogen with a little water and extracted twice with distilled water (50 ml) at 95 °C 
under a reflux condenser for 40 min. The atmosphere above the extract was saturated 
with nitrogen from time to time. Combined extracts were cooled and centrifuged at 
4.6 x 10 3 g to obtain clear supernatant. The extract was treated twice with 2-octane 
(50 ml) with vigorous stirring to remove the interfering substances, isohumulones. The 
2-octane phase was isolated 5 min later and discarded. The water phase was transferred 
into a stirrer, mixed with 5 g of insoluble, crosslinked polyvinylpyrrolidone absorbent, 
Polyclar AT (Antara Chemical Division of General Aniline and Film. Corp., New York) 
with gentle stirring for 20 min. After standing for 10 min the liquid phase was discarded 
andthesolidphaseoftheabsorbentwasextractedsuccessivelywiththreeportionsof30ml 
of hot ethyl acetate. Mixed ethyl acetate extracts were dried over anhydrous sodium 
sulphate and evaporated to a small volume at 45 °C in the rotary vacuum evaporator 
under a gentle flow of nitrogen. The residue was quantitatively transferred to a 10-ml 
volumetric flask and stored at -10 °C until analysis. 

2.3. Identification 

Identification of the individual polyphenols was carried out using the specific spot 
tests. Since all reducing compounds produce a blue colour with ferric chloride and 
potassium ferricyanide, vanillin-HCl mixture was used, being more specific and able to 
separate flavanols from gallic acid and the substances producing gallic acid and non- 
polyphenolic substances after hydrolysis. Irradiation with u.v ; and the colour reactions 
with ethylenediamines and 0.05 N-NaOH were also used. 

For chromatographic separation the following mixtures were used as the solvent 
systems. 

(i) (l)2-Butanol saturated with H 2 0 and (2) 2 % CH 3 COOH for two-dimensional 
chromatography. 

(ii) (1) 6% CH3COOH and (2) 2-butanol-CH 3 COOH-H 2 0 (14:1:5) for two- 
dimensional chromatography. 

(iii) l-Butanol-CH 3 COOH-H 2 0 (40: 12:28). 

(iv) 2-Amyl alcohol-85 % formic acid-H 2 0 (100:23:77). 

Both chromatographic separation and identification were done on Whatman 
Chromedia paper SG-81 by the ascending technique. 
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2.4. Determination 

Quantitative determination of individual polyphenol groups was conducted by the 
successive separation of gallotannins, flavanols (condensed tannins) and free gallic acid. 

2.4.1- Gallotannins 

An aliquot of 5 ml of ethyl acetate extract was transferred into a 20-ml conical tube 
containing 5 ml of benzene. The white amorphous precipitate of gallotannins formed 
was centrifuged off at 6.6 xlO 3 g, the supernatant separated and the precipitate dried 
under nitrogen with gentle warming. It was then dissolved in 5 ml of 25% ethanol, the 
content of polyphenols was determined using the colorimetric method with Fohn- 
Denis reagent according to the treatment recommended by Burns 7 for forages. 

2.4.2. Flavanols 

The content of flavanols (condensed tannins) was determined in the supernatant follow- 
ing the precipitation of gallotannins using vanillin-HCl reagent after the method of 
Bate-Smith and Lerner 8 for leucoanthocyanins and catechins. 

2.4.3. Free gallic acid 

Quantitative determination was performed using the method described by Oshima and 
Nakabayashi. 9 5 ml of ethyl acetate extract of the plant material was evaporated to 
dryness and dissolved in 5 ml of butyl acetate, followed with addition of 5 ml of 
benzene to separate gallotannins and the substances containing estenfied gallic acid 
by precipitation. The precipitate was separated by centrifuging at 8.1 x 10 g and 
the supernatant was decanted into a conical tube. The latter was evaporated to dryness 
at 45 X under nitrogen and dissolved in 15 ml of 25% ethanol. 10 ml of the mixture 
of 35 V HC1 and 30 % formaldehyde (1 :2) was added to the solution to produce pre- 
cipitation of flavanols. One hour after the addition of the HCl-formaldehyde mixture 
the catechin precipitate was separated by centrifuging at 8.1 x 10 3 g and the content 
of gallic acid was determined in the supernatant by Folin-Denis reagent, after the 
method of Burns. 7 

2.4.4. Polyphenol oxidase 

Polyphenol-oxidase activity was determined in all the leaf and stalk samples of lucerne 
using the method of Margna. 10 

3. Results and discussion 

Two-dimensional paper chromatography, using the solvent systems (i), (ii), (iii) and 
(iv) of a 25 % ethanolic solution of gallotannins gave one significant spot after staining 
with FeCl 3 and u.v. irradiation. Hydrolysis of the residue after being evaporated with 
' 25% ethanolic solution in 0.7 N-HCl and examination gave the positive test for 

81 Flavanols (condensed tannins) were identified from the ethyl acetate extracts by 
C two-dimensional chromatography with the solvent systems (i) and (n) and one-way 
chromatography using the solvent systems (iii) and (iv). The separated spots under 
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u.v. light showed dark blue fluorescence and after treatment with 0.05 N-NaCH were 
identified as (-)-epigallocatechin gallate, (-)-epigallocatechin, (+)-gallocatechin, 
(-)-epicatechin and (-)-gallocatechin gallate. 

Free gallic acid, as well as catechin, was identified employing the solvent systems (ii) 
and (iii) for developing, and the best resolution from the accompanying catechins 
was obtained with the mixture of 2-amyl alcohol-85 % formic acid-water (100: 23 : 77). 

Paper chromatographic studies using the solvent systems (i), (ii), (iii) and (iv) and 
the results of resolution as well as R F values of the individual constituents are illustrated 
in Table 1. 

Table 1. R F values of individual polyphenols" 



R F in R F in R F iti R F 'm 



Constituents 


(1) 


system 

(2) 


(1) 


system 

(2) 


system 
(iii) 


system 
(iv) 


(-f-)-gallocatechin 


0.50 


0.30 








0.40 


(-)-epigallocatechin gallate 


0.84 


0.60 






0.87 




(— )-epigallocatechin 






0.68 


0.70 






(— )-epicatechin 


0.40 


0.20 


0.40 


0.45 


0.52 




(-)-gallocatechin gallate 


0.45 


0.87 


0.50 


0.64 




0.28 


Gallic acid 








0.90 


0.60 


0.65 


Gallotannin 


0.10 


0.20 


0.15 


0.70 






Shikimic acid* 










0.35 





a R F values of identified lucerne polyphenols given in Table 1 were compared with standard 
substances. 

b Presence of shikimic acid was only found in some leaf samples and it was identified according to 
R F values given in literature. 



Certainly, gallotannins are the complex mixture determined by chromatography of 
some samples of ethyl acetate extracts. Such chromatographs gave a number of the 
spots identified but not characterised as gallotannins. The dissolved precipitate of 
gallotannin, when chromatographed afterwards, only gave one significant spot. 
Haworth 11 obtained similar results in chromatography of the precipitated gallotannins 
from Chinese tannin. 

Condensed tannins were clearly identified according to their i? F values as compared 
to those obtained with the standard substances and literature data. A great number of 
detected catechins, all as flavan-3-ols, were probably transformed into non-hydrolysable 
tannins by enzyme activity or heating with water during extraction. It is possible only if 
the 6th- and/or 8th-positions are free. Both the ether and methanol of condensed 
tannins extract yielded only three flavanols, i.e. (-)-epicatechin-3-gallate, (-)-epicate- 
chin and (+)-epicatechin gallate. 

Free gallic acid was also detected on paper chromatographs of ethyl acetate extracts 
of lucerne leaf. Resolution of the combined spots of catechin and blue-violet spot of 
gallic acid identified under u.v. irradiation following chromatography with the solvent 
system l-butanol-CH 3 COOH-water was conducted by elution of the cut spots with 
ethyl acetate and rechromatography using the mixture of 2-amyl alcohol-formic acid- 
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water. The obtained R F value of 0.60 was compared to the value of the pure gallic acid. 

Quantitative values for polyphenols estimated in lucerne are illustrated in Tables 2 
and 3. 

Table 2. Content of polyphenol groups (% of dry matter) of lucerne depending on the stage of growth 

(height in cm) 



Polyphenol 
oxidase 

Total Free activity 

tannic ' gallic Gallo- PphOx(mg 

Sample substances acid tannins Flavanols ascorbicacid) 



Leaf (cm) 

20 3.75 0.50 

40 3.52 0.22 

60 3.50 0.10 

Stalk (cm) 

20 2.00 0.20 

40 1-82 0.13 

60 1-50 Trace 

Whole plant (cm) 

20 3.05 0.38 

40 2.76 0.18 

60 2.47 0.06 



2.30 0.80 11.63 

2.07 1.10 8.75 

2.36 0.80 7.80 



1.35 0.40 18.70 

1.10 0.31 12.52 

1.38 - 10.85 



1 92 0.64 14.46 

1.74 0.77 11.22 

1.85 0.40 9.32 



Table 3. Content of individual polyphenol groups of lucerne (as % of dry matter) depending on the 
time of season at one growth stage (50 cm high) 



Sample 



Total 
tannic 
substances 



Free 
gallic 



Gallo- 
tannins 



Flavanols 



Polyphenol 
oxidase 
activity 
PphOx (mg 
ascorbic acid) 



Leaf 

I- 25.4. 1970 3.57 0.25 

II- 29.5. 1970 3.52 0.10 

III- 22.6. 1970 3.42 0.11 

IV- 17.7. 1970 3.19 0.08 

Stalk 

I- 25.4. 1970 2.09 0.14 

II- 29.5. 1970 1.93 0.09 

III- 22.6. 1970 1.87 Trace 

IV- 17.7. 1970 1.66 — 

Whole plant 

1-25.4. 1970 2.97 0.18 

II- 29.5.1970 2.75 0.09 

III- 22.6. 1970 2.75 0.05 

IV- 17.7. 1970 2.38 0.04 



2.73 0.30 16.24 

2.45 0.90 8.03 

2.22 1.05 5.17 

2.03 1.12 5.03 



1.44 0.40 18.45 

1.47 0.41 11.57 

1.39 0.45 10.38 

1.25 0.38 9.45 



2.20 0.34 16.80 

2.03 0.75 9.38 

1.75 0.70 7.44 

1.64 0.76 7.25 
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On the basis of the results obtained a markedly high content of gallic acid was 
reported, decreasing from 0.38 to 0.06% with plant maturing, which is surprising. 
The activity of oxidases as expected was lower in the later stages; therefore, it could be 
expected 12 that the content of free gallic acid increases with the growth of the plant. 
However, as the same procedure for determination was used for all the samples, i.e. 
precipitation of catechins in an acid medium with formaldehyde, followed by the 
determination of gallic acid present with Folin-Denis reagent, it could only be 
concluded that de-esterification, i.e. hydrolysis of the gallified catechins followed by 
liberation of gallic acid, occurred during formation of the precipitate which would 
account for the increase. 

However, it is certain that non-esterified gallic acid exists in lucerne tissue and that 
its content decreases with the plant maturing. 

The content of gallotannins and condensed tannins does not show considerable 
changes in the quantities during the growth of plant. Slight variations are not significant 
for gallotannins, whereas it can be considered that flavanols slightly decrease, particu- 
larly from the second to the last studied stage of lucerne growth. 

The content of the total tannic substances, determined by Folin-Denis reagent from 
the ethylacetate extracts, without fractionation, decreases in both the leaf and the stalk, 
as well as in the whole plant during the year, by cuts, from 3.57 to 3. 19 % for the leaf, 
2.09 to 1 .66 % for the stalk and from 2.97 to 2.38 % for the whole plant. 

Free gallic acid, gallotannins and total tannic substances have the same tendency of 
decreasing in lucerne during the year, by cuts, but the content of catechin increases 
from the first to the fourth cutting in the whole plant except in stalk in fourth cutting 
where the value is slightly decreased. 

Polyphenol oxidase activity decreases both during the growth of the plant and by 
cuts. The polyphenol oxidase activity was determined on the suspension of the plant 
material, not the water extracts. Based on the fermentative oxidation of ascorbic acid 
in the presence of the specific substrate of polyphenol oxidase, pyrocatechin, the 
method has yielded good results of excellent reproducibility. 
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